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Final Report

One area of concentration during the first year of the grant involved a

series of ab initio self-consistent field (SCF) calculations on clusters of

beryllium atoms together with associated cesium and hydrogen atoms. They were

completed by Maria M. Marino, the doctoral student whose stipend and tuition

were covered under the conditions of this grant. An analysis of both the

exzpp ntal and theoretical aspects of exposing Be metal surfaces to Cs and H

wag'"n.

SCF calculations were carried out on clusters of 19, 33 and 45 Be atoms.

The clusters were defined as cylindrical plugs from a thin wafer of Be metal;

an arrangement that is consistent with experimental measurements taken by Tompa

and Seidl. Adatoms were made to approach the clusters along the three-fold

symmetry axis from above and below the cylinder faces. This is also consistent

with the experimental procedure of exposing a foil of Be to Cs anJ H. The

ii-0-ne-4s2, lig t howepn fhe Be atm wore helii fi-o -if -41

corresponding to the hcp metal lattice constants.

The calculations were carried out to examine the nature of the effects of

cesium and of hydrogen adsorption on the work function of Be metal. While it

is well known that cesium adsorption appreciably l wers the work function of

many metals, details of the mechanism by which it occurs is still not well

understood. In the case of hydrogen, the interaction with a metal such as Be

provides a good, simple model for the process in which we are most interested,

'h3t :f neaative hydrogen production fr-m surfaces. Theoretical studies of the



adsorption process can provide detailed information about the interaction that

is not obtainable from experiment. For example, results related to charge

distributions and orbital structure at the interface are calculated.

A good model of the interaction between adsorbate and substrate requires

the use of clusters large enough to adequately desozibe thadekal surface,

while remaining small enough for the application of ace= ,.ANE& retical

methods. In the study recently completed we used relativelr_ clusters and

made use of relativistic pseudopotentials and the high (D3h) "Wtry of the

systems to render the calculations tractable. The calculations were carried

out on a Cray X-MP supercomputer at the NSF's Pittsburgh Supercomputing Center

and at the Ohio Supercomputer Center. Closed- and open-shell SCF calculations

were completed for each cluster system for a range of low-lying electronic

states and positive ion states.

Activities during the second year of the grant proceeded essentially along

the directions described in the original proposal. A series of ab initio

self-consistent field (SCF) calculations on clusters of beryllium atoms

together with associated cesium, hydrogen, and oxygen atoms was completed. An

analysis of both the experimental and theoretical aspects of exposing Be metal

surfaces to Cs and H was published in Surface Science. Prof. Milos Seidl of

the Stevens Physics Department and his graduate student Gary Tompa were

co-authors of the article. In addition, studies detailing the results of SCF

calculations on the simultaneous cesiation and hydrogenation, as well as the

simultaneous cesiation and oxygenation, of the Be45 surface were initiated.

The SCF calculations were carried out on clusters of 19, 33 and 45 Be

atoms. The clusters were defined as cylindrical plugs from a thin wafer of Be

mot,: -31 nn _zrinV7eTent that is ronsistont with Prporimnfnal moisiraff trnn

by Prof. Seidl's research group. Adatoms were made to approach the clusters

alona the three-fold symmetry axis from above and below the cylinder faces.

This is also consistent with the experimental procedure of exposing a foil cf

Be to Cs, H and 0. The internuclear distances between the Be atoms were held

fi::ed at values corresponding to the hcp metal lattice constants.

The calculations were carried out to examine the nature of the effects of

cesium, hydrogen and oxygen adsorption on the work function of Be metal. While

it is well known that cesium adsorption appreciably lowers the work function of



many metals, details of the mechanism by which it occurs is still not well
understood. In the case of hydrogen, the interaction with a metal such as Be
provides a good, simple model for the process in which we are most interested,
that of negative hydrogen production from surfaces. Theoretical studies of the
adsorption process can provide detailed information about the interaction that
is not obtainable from experiment. For example, rsulta:'to charge
distributions and orbital structure at the interface areti M

The adsorption energies of Cs on Be33 and on 5045 were calculated as 21.8
and 15.1 kcal/mol-atom, respectively, whereas the adsorption of H on Be33 and
on Be45 was not predicted to occur at all. Optimum Cs-to-Be-surface and
H-to-Be-surface distances were 3.70 and 0.86 A, with the latter value
corresponding to a local energy minimum. The decreases in the ionization
potentials of Be33Cs2 relative to Be33 and of Be45Cs2 relative to Be45 were 1.5
and 0.54 eV, respectively. This compares favorably with the experimental bulk
work function lowering of 2.3 eV. Theoretically, H is predicted to adsorb on
Be19 but not on Be33 nor on Be45, consistent with the fact that there is no

ex:perimental observation of adsorbed hydrogen on beryllium metal. Analysis of
the Mulliken populations for the 19 Be atom system indicates that this cluster
is too small to model the surface of bulk beryllium. However, the population
Sanalysis for Be gives strong indications that this cluster is an adequateB33 srn naeut
model for surface interactions. Simultaneous oxygenation and cesiation of Be45
results in a greater work function lowering than does cesiation alone, while
hydrogenation of Be45Cs2 results in a work function increase. The electron
population analysis for Be4502Cs 2 indicates that the emitted electron is

predominantly vacating a cesium orbital. In Be45H2Cs2, however, the Be
cylinder is more involved in ionization, donating approximately 40% :f the

emitted charge.

Two additional graduate students worked on certain aspects of the prc3ect.
Doctoral student Makoto Sawamura investigated quantum confinement phenomena in
the conte::t of lead iodide clusters at the Hartree-Fock level of appro:imation.

The work is described in detail in his doctoral dissertation and in an

articles published in The Journal of Physical Chemistry, Physical Review B and

Chemical Physics Letters. Masters thesis student Ping Wang completed a project
involving a theoretical study of the cesium suboxides and the nature of the
larae work function lowering (as low as 0.9 eV) from the standpoint of ab

initi- :alculations using the finite cluster model. She completed her degree



requirements in May, 1990 and the results of her study are being published in

The Journal of Chemical Physics.

During the third year of the grant permission was obtained from the AFOSR

to use certain of the grant funds to assist in the purchase of a scanning

tunneling microscope (STM). The instrument was acquized and,''. Wratory was

set up. The initial research was carried out by a third tudent, John

F. Womelsdorf. He completed benchmark studies on small (-154' meter) gold

colloidal particles. The images were striking and the work 'published in

The Journal of Physical Chemistry. Following this study, it was planned to

study a series of cesium suboxides and attempt to measure their work functions.

This work, together with a study of the fundamental interaction between the

STM tip and substrate, are now underway and are being supported by a one year

e:ztension from the AFOSR. A paper describing our findings on tip-surface

interactions was published in Surface Science.

Publications 1-5 and 9-13 (Section 4) comprise the remainder of this Final

Report. Copies of the three student theses (Publications 6, 7 and 8, Section

4) were sent separate from this Report.
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C.de. ad hydrqm shorpioa n beyliumn clusters containn 19, 33 and 45 atoms am
stujad son m M artme-Fack (RHF) milatansw and ab amido relativistic effective core
potential. The ]k wbse e takes as cylindrical plugs from a Be metal wafer. Us-Cs and Dc-H
Mmimlir dsssM Ie aptiI whle Be-Bustrntclear distances ane Ir~ at the bulk
instal vanes For aeda rpossum arius low-lying elcrncstates are bnvestigated. 7%e caicala.
tioare - can ,a o mtoasis an mpmmtal study to deteam the affects of Cs and of
H adsepum = e weak hewim of Use metal. Auger electron speomnorpy and ezpennaetl
work finetie sui mmmc leiuat that H 2 does noe adsorb on polywatelline Be. while
pksmm mi add* Ca tmila~ mmmis show a 2.3 4V lowering in the work function
of Us mad wpm CB a1amt1 RNF culculations indicate that Us,,. with thae layers of atoms,
0ss 00 SMi FAbqa mmBNSiY =de Us mk me CAlculsation cml.,. a fivs4yered system and
Oil. a aesm-Ised myem show tha H does not cano, on the murAdma of these cluster

Csa18 dues a m doe ioisam potential of Be,, by 1.5 eV. The emittd electron from
9s" 2 dwv a smelelr orbital which is localized in the surface layer.

It is well known that adsorption of cesium on a metal surface lowers the
'work function of that metal [1,21. In particular. the reduction in the work
function of beryllium arising from cesium adsorption has been the focus of a
very rcen t study [31. In the present work. cesium and hydrogen adsorption on
a beryllium surface are studied using ab initio quantum mechanical calcula-
tions. H2 adsorption on polycrystalline Be is also studied by monitoring the
work function and the Be (104 eV) differentiated Auger electron signal
intensity.

* Current address: EMtCORE Corporation. 35 Elizabeth Avenue. Somerset. NJ 08873. USA.

0039-6028/89/S03.50 0 Elsevier Science Publishers B.
(North-Holland Physics Publishing Division)
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Theoretical studies of the adsorption process yield detailed information
about the metal surface which is not easily obtained experimentally. For
example, results related to charge distributions and orbital structure are
calculated. Many such studies have used clusters as models of the surface
[4-71. A good model of the adsorption process, however. requires the use of
clusters Ip enough to accurately describe the metal surface and its mterac-
tion with the substrate, while remaining small enough for application of
accurate theoreical methods. In this study, the clusters are taken as cylindrical
phu from a be wafer having Be-Be internuclear distances eqa ..
the bulk hp metal Larger spherical clusters were the focus of ... ..

[8. The use of effective core potentials to describe the core -e-srdh=

and beryllium allow the calculations to remain tractable while
well-defined level of theory. The complexity of the c u isa
further by pusvig full D3h point-group symmetry in each cylindrical
cluster.

2. Metoilop

2.1. Theorwical model and calcuatons

The model systems are taken as cylindrical "plugs" from Be wafers having
surfaces cmespoding to the (0001) hcp metal faces. A view of this wafer
along the c direction is illustrated in fig. 1. Table 1 defines all the cylinders of
a lven radius which may be formed from a wafer of a given thickness. In this
study, three such cyhnders are treated. The first has a thickness of three layers
aadis comprised of 19 Be atoms; the second is five layers thick and contains
33 Be atoms, while the third contains 45 atoms and seven layers. All three
cyboders have a radius R 3 which includes a one-unit cell step along the a
directio. Be-Be internuclear distances are equal to those in the bulk hcp
metal (a - 2.29 A. c - 3.58 A) [9]. The resulting cylinders have D3h point-group
symmetry, and the adsorption of atomic hydrogen. one on the top surizce and
one on the bottom surface of all three cylinders. is modeled such that the
three-fold symmetry is preserved. The same applies to the adsorption of
atomic cesium. In all cases. the Be-adsorbate internuclear distances have been
optimized in self-consistent field (SCF) calculations. The 19- and 33-atom
cesiated and hydrogenated cylinders are shown in figs. 2 and 3. The 45-atom
cylinder is not shown, but it is similar to the one picture in fig. 3. except that it
contains seven layers instead of five. and the two surface layers are identical to
the surface layers of Be,9 (fig. 2). Results obtained using these systems are
compared to those calculated by treating identical bare Be cylinders.

Calculations were accomplished on a Cray X-MP supercomputer using
programs based on the "equal contribution theorem" for two-electron in-



M.M. Mam et as. / Hvyroge and cmev," oe c aufes 191

0 0
0 0-- 4,

//R

0 0
/_ _ _

Fig. 1. A view of bulk Be metal along the c direton. Nuclei are situated at the apices of the
hexaons. as well as at thtetr cters. Layers repr-mented by dashes ie at c/2 on the c axis see

table 1.)

tegrals (10). Ab initio restricted closed-shell and restricted open-shell
Hartree-Fock calculations, each corresponding to an average energy of con-
figuration. were carried out on numerous low-lying states of each cluster. (The

Ow dsulers by coorduu cyibder and hcp layer

: Cylinderhapt , R -o
0-.coordinate)

+ Qoc/2

3c/2 0 3 3 6
C 11 11 77 7 7
c/2 000 33 3 3 3 3 6 6 6
0 1111 111 1 7777 7777
-c/2 000 33 3 3 3 3 6 6 6
- 11 1 1 77 7 7

- 3c/2 0 3 3 6

- c/2

No. atoms 1 133 1 7915 7132731 7193345
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Fig,2. D,,X2.X C&H. Fit-3. De,,X .XCs. H.

avalp energ of configuton is defined as the weighted mean of the
i of all the tzwltiplets for the configuration.) 7he largest clusters

aspired about one hour of Cray X-MP timne for each geometric orientation.
.,e falowing bais sets of contracted Gaussian-type functions were used for

~yluu.cesium and hydrogen. respectively: (3s 2p)/[ 2slpI 1111. (5sSp)/1 3s2p]
1l21. and (4sIp)/[2slpJ [ 131. Ab initio effective potentials (EP) 1141 wert u!sed
-go represet the Is core electrons on Be (111 and the ls-4s. 2p-4p. and 3d-A4d
eore electrons in Cs 1121. In the case of Cs. relativistic effects were incorpo-
rxWd into the EP 1141. Bineing energies calculated relative to the comnpletely
dissociated clusters are given in table 2. (Valence SCF energies for atomic Be.
Be'. Cs. C:;. H and H- are -0.95083. -0.65457. -19.84225. -19.72876.
-0.49928 and -0.44815 hartrees. respectively, for the basis sets used in this
study.) The total adsorption energies given in table 2 for the cesiated and
hvdrogenz:#d clusters were calculated relative to the SCF energies of the
naked clusters plus that of two adsorbate atoms.

Theoretical work functions are given in table 3. The first values in each row
were calculated as the difference between the total valence SCF energy of a
neutral cluster and that of the ion generated by removing one electron from
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Table 2
Restricted Hantree- Fock energies of states of Be., and Be, clusters

Cluster Occupied MOs 'Cluster Total

a; a a' e e ; BE adsorption energy
a1  a a. e e" a;' (kcal/mol) (kcal/moI'atom)

B9 c 4 1 3 4 Z 0 325.25

(Be,9F 4 0 3 4 2 0 294.70
Bt,qCS2  6 1 5 5 3 0 402.99 38.87
[Bl9,C 2 F 6 1 5 5 3 0 405.37
fle,qH, .d) 4 1 3 4 2 1 393.76 .2I Be,qH2P) 4 1 3 4 2 0 579.66
BC33 6 1 5 6 4 1 724.94

[Be331 6 1 6 6 4 1 815.76
Be,3Cs2 b-ei 8 1 7 7 6 1 768.46 21.76
IBe33Cs 2 F- 8 1 7 7 6 1 779.74
Be3H 2~ 7 1 5 6 4 1 727.32 1.19
Ife,3H2 r b 7 1 5 6 4 1 818.70
BC45 b4) 8 2 7 8 6 2 1078.74
(Be45]l 8 2 7 7 6 2 119%.77
Be.sH1bMI 8 2 7 8 6 2 1115.07 18.16
1 Bes .) 8 Z 7 a 6 2 1228.41

aEntries correspond to total number of occupied MO's of each entry. Bold numbers denotes
orbital fromi which the elecrtron was removed.

b, State corresponds to the weighted average of configuration.
' ' OPMerzsel State:
d, Open-shell state:

'Open-shLl-1 State: (e 11)2.

SOpen-shel state:

"'Open-shel state: (a;)'(e, '13

the highest occupied orbital of that cluster. The values immediately following
are due to Koopmans' theorem and correspond to the negative of the energy
of the molecular orbital (MO) from which the electron was ionized. Expen-
mental values obtained as discussed below are also shown.

Atomic net electron charge values are given in tables 4-6. as calculated
using a Mulliken population analysis 1151. Values of R appearing in these
tables correspond to optimum atom-to-surface distances. These distances were
calculated from the minimum of a curve fit to SCF energies for three or more
distances.

2.. Experimental procedure

Expenmental measurements were performed in an ultrahight vacuum system
with a base pressure of 5 x 10 "Torr. Pressures were monitored with a nude
ionization gauge whose controller allowed calibration for H. The general
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Tabh 3
Wat fiviciiot of Be, and kX clusters

a"1  5.35. 5.04
11119G2~ 3.41.2.99
DsH 2  4.~3.96

1111334.41.4.11

Ik3JA-.2.92. 2.60
ftSM34.37.4.09

1111"H23.40. 3.15
Detapti 3.92
scs 164M) 1.6
Deli (4Wi) 3.92
&4*Wt%-Ie 1,CS2l Cl1.94.2-05

A#C,4" ' 1.05. 1.08
Mlk)-I~qQ2)1.49. 1.51

.Wlk,, -SsH 21 "' 0.05.0.01
d5(%SBHl d'-0.24. -0.21

A (WDs "a, C1 2.3
Af~e-DeH Iw, 0
~'Whie io v.mm appear. thew are Koapinans' tbeoremn and %IEsF vajucs. reF ecivelv-
bAt oponanm Cs esmap

CI as V ahm~p~ rIt a .wk function lowerng.
d' Vahs owupond to a wock fumesi anmase.

experimntial appartus was described previousy [3,16). The sample was
mounted on a carousel that allowed rotation to either a retarding field electron
diode staditi [17.18t. where work function shifts were measured. or 1.0 a

. 4 cyaria sauuor analyzer station having a center-mounted electron Su~a with
.~j~AuMu electron spectroscopy (AES) measurements were made. A sputter

Sun was co-focusd onto the sample with the AES system and was used to
tter clean the surface.

A. ABS showed that no 0 or C contaminants were present after sputter
cleaning. The only contaminants present were Ar ( < I I%) and N ( <2.4%).

adthese were due to the sputter cleaning. After cleaning. AES and work
function shifts indicated the Be surface to be free of contaminants for a period
in excess of one hour.

The experimental procedure was as follows. The sample was first sputter
cleaned. H, could be introduced into the system at any time before. during or
after sputter cleaning. Cs was deposited onto the surface from a low-energy Cs
(5 eV) source 131 before or after sputter cleaning at a separate deposition
station adjacent to the work function station. The Auger signal was generallv
monitored during cleaning. After cleaning. the Auger signal either continued
to be monitored or the sample was rotated from its position facing the
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AES/sputter cleaning station to a new position facing the work function
diode. thus allowing the work function shift to be monitored. The reposition-
ing was accomplished in apprximately twenty seconds.

3. Res" emi dinimu

Total adsorption emerpes for the cestated and the hydroeted
appear i table 2. As was previously mentioned. the energies we0
rahttive tothe total SCF energies of the naked clusters phus 10
adsorbate atoms in their pround states. These energies are 318.9. 2
and 13.2 kCal/rnol -atom for Be19C$2, Be33Cs2, Bej 9H2, Be3,,H
respewi'gy. For De19C42 dissociation to Be - + Cs4+ + Cs rei -3.06w/
mol- asmDisocaduofDe,H 2 oyield Be+ H +HandBe +H +H-
requarm M666 mad 175.3 kcal/mol a tom. respectively. Dissociation of Be., 1Cs,
to W3 + Cs + Cs " needs 49.4 kcal/mol -atom. Energies of 149.8. and 64.6
kcal/ adol atom are seeded to dissociate Be33 H, to We3 + H + H4+ and Be,-
+ H + H-, respectively. Finally, the dissociation of Be45 H, to yield Be;5 + H
+ H- and Ws + H + H " requires 68.1 and 150.12 kcal/ mol -atom, respec-
tively. Therefore, the lowest-mnergy dissociation imt is of the form Be, + 2X.
where X is an adatom in the ground state. This procedure will be named
method 1. There are two, alternative ways of calculating the adsorption energy.
methods 2 and 3. Method 2 involves calculation of the adsorption energy
relative to the total eingy of the lowest electronic state and MO configuration
for the equilibrium pometry of the cluster-adsorbate system and the same
electrsi state for a dhut-adsorbate separation of approximately 10 A.
w~ istaken as infinise separation. This method assumes no crossings among

states.
Ie'9CS- B 2 2 De,,H 2 and fleSH 2 , this assumption leads to

error. In theme cases. the lowest energy electronic state corresponding
calculated equilibrium geometry is not the lowest energy state calculated

ks"fnite cluster-adsorbate separation. This method yields adsorption en-
vNles of 53.7. 56.3. 136.4 and 177.0 kcal/mol -atom for BegCs.,. Be11Cs,.
NeigH, and Be. 5 H2. repetively. Clearly, method 2 overestimates the adsorp-
tion energies of De,,Cs2. Be,,Cs2 . Be19H, and Be45H, (by 14.8. 23.8. 102.1
and 158.8 kcal/ mol - atom. respectively, relative to method 1). No electronic
state crossings were found for Be,, H_ However, the ground state of Be,, H, is
open-shell and nearly degenerate (0.01 eV lower in energy) with a closed-shell
state that is 3.65 eV higher in energy at dissociation than the ground state.

Method 3. the second alternative method for calculation of the adsorption
energy, involves taking the energy difference between the lowest electronic
state of the cluster-adsorbate system at equilibrium and the lowest electronic
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state of the same system at a cluster-adsorbate separation of approximately 10
A. This method yielded adsorption energies of 43.8. 36.8. 99.0. 47.1 and 64.2
kcal/mol, atom for BelgCsi. Be.%Cs,. Be1 9H,. Be,,H: and Be4,H_. respec-
tively. Relative to method 1. this method overestutates the adsorption energy
of BegCs,. Be,3 Cs,. Be19H2 . Be 3 H, and Be4,H, by 4.9. 15.0. 64.7. 45.9 and
46.0 kcal/mol -atom, respectively. No electronic state crossings were found
for Be33H,. Consequently. methods 2 and 3 yield the same value of the
adsorption energy for this cluster. Ideally. methods I and 3 should agree.
provided that the lowest energy electronic state at both -*e.
geometry and at infinite cluster-adsorbate separation has bma - -'

Thre are several problems inherent in using method . Phrit
calculations presented here all involve restricted Hartree-FockI
is not generally accurate for the description of systems h. . ...
from equilibrium. As was previously stated. method 3 req& calculation of
the total energy for the system at a cluster-adsorbate separation of approxi-
matelv 10 A. Inspection of the gross atomic populations (GAP) for Be,,Cs. at
this distance reveals improper dissociation to neutral atoms. The GAP of
cesium for this system should be 18. 9 electrons per Cs atom. In this case. the
GAP is 17. with approximately 1/2 electron from each cesium 6s orbital being
donated to the cluster. There should be no such ionization at this cluster-ad-
sorbate separation. unless an electron is transferred from Cs to Be upon
dissociation. yielding Be-) and Cs + Cs-. However. dissociation to these
species requires 40.1 kcal/mole more energy than dissociation to Be, + 2 CS.

RHF calculations predict a net energy gain of 18.2 and 1.2 kcal/mol upon
hydrogen approach to the Be45 and Be3. surfaces, respectively. The approach
of hydrogen on the Be,. surface. on the other hand. results in an energy gain
of 34.3 kcal/mol. Cesium adsorption on both the Be,9 and Be 1 surfaces yields
energy gains of 38.9 kcal/mol -atom and 21.8 kcal/mol • atom. respectively.
Therefore. while cesium is predicted to adsorb on both Be,9 and Be, (i.e. at a
hole and at a head-on site) at the SCF level of theory, hydrogen adsorbs
strongly on Be,, and appears to adsorb moderately on Be4, (i.e.. at a hole site)
but only negligibly on Be, (i.e.. at a head-on site).

Table 3 contains calculated values for the ionization potentials of all the
clusters studied, as well as values for the shift in ionization potential (.No)
resulting from Cs or H adsorption. Experimentally determined values of the
work functions due to Cs or H. adsorption on Be metal are also included.
Results for the Be,, system indicate a slight rise by 0.2 eV in the ionization
potential of the cluster due to H adsorption. while results for the Be,, system
indicate a lowering by 1.5 eV in the ionization potential of the cluster due to
Cs adsorption. and no lowenng due to H adsorption. The experimental
findings are 2.3 and 0.0 eV lowering in the work function of Be metal due to
adsorption of Cs and of H-. respectively. Adsorption of Cs and of H on Be,.
however, results in ionization potential iowenngs of approximatelv 2.0 and 1.0

12



M.M. Mannaetu al. / Hvboen and cesnan on Be chmmr 197

Table 4
Elacuam popjheaios of De,*. De,,Cs, and He,,H 2

alusm :4Sari- Atomi No. Net charge per atom Total net chare
v" ~ label atoms Cutr[lse difference

Cluser Clu~ifi ([awuterl -Custeri

Belo 0 Iwo 1 1.43 1.41 -0.02
C/2 USA 6 -0.08 -0.07 0.06
C/2 DsC 6 -0.09 0.00 0.54
0 De0 6 -0.07 0.00

Ig,,4CS2 0ag 11.6 .3
C/2 DeA 6 -0.05 -0.07 -01
c/2 DeC 6 -0.17 -0.11 01
0 &0 6 -0.14 -0.07 0.40

c Cs 2 0.39 0.55 0.

2619H, 0 11 11.8 13OA
CA AA 6 -0.16 -0.15 0.06

c/2 DeC 6 -0.06 0.07 0.78
0 MRI 6 -0.02 0.01 0.11
it d H 2 0.04 0.05 0.02

"c3.511A-
hi NaMbe of SygMmu eqUiiilnt atoms.
C1it :.3.70Afor beplansto Cs dance. (Be toCs diiance is 3.93 A.)
d'R-0.85A for De plane to Hdistance. (Be to H distance is 1.57 A.)

eV, mepecuwtey. Althoughi the first value is in close agreement with expert-
must. the second is not.

Tbese discrepancies am explained using the electron populations listed in
4 and 5. In the case of Be1, total net charge differences indicate

Min charge redistribution by both the surface (DeC z-coordinate
d d midle (Be& z-coordinate - 0) layers upon ionization of the3 .Ina De,,, ionization of the cluster results in a contribution of 0.4

lmrnfrom Be atoms (DB) in the middle layer compared to 0.5 electron for
~.Mos onthesurface. Thus. the middle and surface layers of the cluster are

= =dalotequally in the electron ionization process. For Be19Cs.. both
dkeesurace (DeC) and middle (BCB) layers contribute 0.4 electron, while Cs
danates 0.3 electron. Since electron emission is from the surface of the bulk
metal. it is concluded that Be1, is too small a cluster to model the Be metal
surface involved in Cs adsorption.

On the other hand. the middle laver of Be19)H, contributes 0.2 electron.
with the surface layers (BeC) being predominantly involved in ionization. H
donates only a minimal amount (0.02) of charge. Part of the charge contrib-
uted by the middle (BeB) layer is shifted toward the BeC group of atoms in
Be,,.. Since the greatest charge perturbation occurs on the surface, this

13



198 M.M. Mawuo er al. / Hvdroee and ceswn on Be clusters

Table 5
Eleceron populations of Ben. BeCs, and Be. 1 H,

Cluster z-coordi- Atom No. Net charge per atom Total net charge
nate "  label atoms bi Cluter |Cluster" difference

((Clusterl -Cluster)

Be31  0 BOO 1 0.96 0.97 0.01
c/2 BeA 6 0.55 0.53 -0.14
c/2 BeC 6 -0.10 -0.07 0.14
0 BeD 6 -0.32 -0.29 0.21
c BeH 12 -0.18 -0.10 O.
c BeD 2 0.20 0.14 -0.1 ..

Be"3 C, 0 B9O 1 0.94 0.93 -0 M
c/2 feA 6 0.57 0.52 -O.M,
c/2 BeC 6 -0.12 -0.07 0.27
0 BeB 6 -0.34 -0.33 M
c BeH 12 -0.28 -0.22 0.67
c BeD 2 0.44 0.40 -0.08
R Cs 2 0.46 0.60 0.29

Be ,1 . 0 eO 1 1.00 1.00 0.00
c/2 BeA 6 0.45 0.44 -0.12
c/2 BeC 6 -0.06 -0.04 0.12
0 BeD 6 -0.30 -0.26 0.24
c BeH 12 -0.23 -0.16 0.84
c BeD 2 0.87 0.82 -0.10
R d) H 2 -0.24 -0.23 -0.02

'c- 3.58 A.
, Number of symmetry equvaient atomL.
SR - 3.77 for Be to C& distance.

R - 1.538 for Be to H distance at local nunimum (see text).

model appears to be adequate for the description of H adsorption. However.
further analysis reveals that this is not the case. As was stated previously, the
middle layer (BeB) of Be,9 participates appreciably (donating 0.4 electron) in
the ionization process. indicating that this cluster does not reasonably model
the bulk surface. Adsorption of Cs or H onto this surface, therefore. yields
information about the interaction of these two species with a Be cluster, but
this information cannot be interpreted as also applying to the process whereby
a Cs or H atom adsorbs onto the bulk surface. Such an extension may be

made only in cases where the bare cluster is a good model of the bulk metal.
Bell. a five-layer cluster, and Be4 5 , a seven-layer cluster, appear to model

the Be metal surface more appropriately. Ionization of these clusters indicates
that the surface layers (BeH for Be 33 and BeG for Be,) donate most of the
emitted electron. Although the middle layers also contribute charge. the

involvement of the surface layers is three to four times as great. The adsorp-

14
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Table 6 H
Eloctro populasass of 886" amid Be,.H

Chisa. xzomi Alom No. Net charge per stoat ToWa net charge
sane~ lbel ~ '" Cluster [Clusterl -

Be's 0 3110 1 1.00 1.00 0.80
C/2 am 6 0.42 0.41 -00
C/2 D.C 6 -0.18 -0.16
0oIM 6 -0.34 -0.30 '

C SM 12 -0.18 -0.17 A

Ue/2 2* 014 -014
3c/2 3.0 6 -0.02 0.08

SaeO, '0a 0" O -0.01
c/2 UsA 6 0.43 0.41 -0.12
c/2 111C 6 -0.14 -0.12 0.12
0 no3 6 -0.36 -0.32 0.24
C &.N 12 -0.14 -0.13 0.12
C Se0 2 1.32 1.30 -0.04
3012 U.F 6 -0.18 -0.18 0.00
3c/2 fto 6 -0.06 0.04 0.60

it 2 0.01 0.01 0.00

40 c -3.S8 A.
b' Numbe of sflmom equvlm~ asms

R - 0.86 A for Us plum to H dWistanct local mailnua ism text) Be to H distance is 1 .58 A.

ion process. tben. is repoesented more reasonably by using Be33 or Be,, rather
Se,, to madel the metal surface.
Ta.6 shws tat the surface (BeG. z-coordinate - 3c/2) layers of Be,

DiH2arn mms affected during the ionization process. although the
. laer ofDeH, are also involved in ionization. their contribution is

conqmd tothe charge donated by the surface (BeG) layers (0.2
0.6). As with the Be,,p systems. some of the contributed charge is shifted

~' ~wardseveral groups of atoms in the Be.5 clusters, for example. BeA
.;& ..4coordinate - c/2). However, the largest percentage of the charge involved

in ionization is donated by the BeG atoms in the surface laver. It is also
interesting to note that the net charge differences for Be,5H are nearly
identical to those for Be,,. the only difference being 0.06 for the BeA layer.
The approach of H on the Be, Surface does not affect the ionization process.
The same conclusion is reached from an analysis of the electron populations of
Be,, and Bi:33H2. which appear in table 5. The values of AO appearing in table
3 are another indication that H has no effect on the Be,. and Be4( surfaces.
The greatest shift in ionization potential occurs for the latter Surface and is
0.2. .1o for Be,, is practically 0. Therefore. H is not predicted to chemsorb on
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the Be suface &ad. in fact. does not in the case of Be,3 (the adsorption energy
is I kcaI/mg- satow). The adsorption energy of H on Bc, 5, although greater
(11 kcal/mol asom). is attributed to a local minimum since both the popula-
sue aalysis wid A# values indicate no effect on the Be~s surface due to H

H appresm th Be3, surface directly above a Be atom (directly overhead
site) in tbe pren calculations. There are three othor p~iieble sites for
adsupimn. Tm we the Be-le midpoint. eclipsed an&~ q
ha the admorbase approaching the Re surface directly bb
Aocamil a rmeuufce. The second involves adsorpsa
riumigle of ]k sam located on the surface, the ceter Y

above a Rle atom situated in a layer next to the surface W~ o
1i%g). The op.. ste has the adsorbate approaching the Re Sufft dh.Mctly
aOwn the comw of a triangle of Re atoms located on the surface. directly
below which dmn is no Re atom. According to a study by Sagus et al.. the
disuciy ovewd se as the least stable for the adsorption of H onto a Be
wzace [19). Thu adsorption energies were obtinned in SCIF calculations
using chuisr mimwhing two to three layers. Re33 is a ive-layer cluster and
tha shiould yiel a reasonable value for the adsorption energy associated with
the directly ovehea approach of an atom to the surface. while adsorption on
an eclipsed site is adequately modeled by the seven-layer Be, 5 cylinder.
Method 3 yield 47.1 "a/ mol -atom while method I predicts only negligible
adsorption for H an 10.1. For reasons already stated, method I is expected to
be miore accurate. Thuefore H is predicted to adsorb very weakly. if at all on
Do,, The lowes emgy SC33-H distance is 1 .58 A. which represents a local
wmimum sine. us discussed above. H does not bind to Be31 . Bagus et al.
repona an SCIF adsorption energy of 32 kcal/mol for H on Be,6 (a three-layer

chsrwith 14 sam on the top and bottom layers and 8 atoms in the middle)
uA a Dex-H fitanc of 1.38 A (19]. These values also correspond to

* aduurption on a directly overhead site.
HAdsorption of H on Bes amounts to 18.2 kcal /mol -atom. The optimum

H~-so-Be-plane distance is 0.86 A. which is also a local minimum since the
electron populations of Be5 and Be45 H, are nealy identical. indicating that H
has no effect on - i.e.. does not chenusorb to - the Be,, surface. The
Corresponding values for adsorption onto a Be,,, cluster reported bv Bagus et
al. are 42.3 kcal/mol for the adsorption energy and 0.95 A for the distance
from H to the surface.

It is also the surface layers (BeH) of Be ,Cs. that are predomiunanti'
involved in electron removal. These layers contribute 0.7 electron, whereas the
greatest charge contributed by the inner layers is 0.3. The total net charge
differences of Be,,Cs, differ from those of Be,,. indicating that Cs. unlike H.
is affecting electron removal. In fact. Cs donates 0.3 electron to this process
The effects of charge redistribution resulting from ionization are greater fo'r
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the inner layers (relative to the surface layers) of BeCs, than for those of
Be,,H,. The BeC group of atoms contribute 0.3 electron, while the BeA atoms
accept 0.3 electron in Be. 3Cs,. These amounts correspond to less than half of
the charge contributed by the surface layers. In Be33 H,. the greatest contribu-
tion by the inner layers is approximately one fourth of the charge contributed
by the surface. The small but non-negligible involvement of the inner layers of
Be,1Cs, in the ionization process indicates that the discrepancy betwem the
calculated and measured work function lowering (table 3) may be
treating a cluster corresponding to a larger cylinder height: for
atom cylnder of table 1. Another possibility is the treatment
having the same height as Be 33 or Be, but a greater radius (see table
1). In addition to improvements in A. adsorption of Cs on an eclapi
(for example. Be45) is predicted to be more stable. Unlike the omdns Site.
this position allows the Cs to interact more closely with the surface triangles of
Be since there is no center atom present.

It is noted that the present study contains certain constraints and assump-
tions. First. no geometry relaxation was attempted for the Be clusters. Al-
though the Be-adatom distances were optimized. the full Dh symmetry of the
cluster was maintained., and the Be-Be distances were held fixed at the
expenmental lattice constants of Be metal. For clusters of this size. it is
probable that the optimum geometry may not match precisely that of the bulk
metal. Surface geometries do not generally match the corresponding bulk
lattice constants. Most materials are known to expenence some degree of
reconstruction at the surface due to the bending of outward-directed (from the
surface) unpaired orbitals. Second. adsorption of Cs and of H was modeled
using only one atom above the top and bottom layers of the cluster. Since the
shift in the work function of Be metal depends on the degree of surface
coverage 131. the results may be altered by adsorption of more than one atom
of Cs or H on each cluster.

Third. the calculations do not include electron correlation effects. As
previously mentioned. all low-lying electronic states of each cluster were
studied. Several of these states were nearly degenerate (within 0.1 eV). making
a reordering of states possible upon inclusion of electron correlation. Such
effects may be accounted for. at least in part. through the use of local-densit.-
functional approaches. These methods replace the exchange terms in the
Hartree- Fock equations by spherical potentials. otherwise known as muffin-tin
potentials. through which some electron correlation corrections are introduced
into the system. Metal surfaces such as that of tungsten have been studied
using these approaches [20]. However. the results presented here are ab natio.
unlike those obtained using densitv-functional theor'. Furthermore. correla-
tion energy cancellation is expected between the neutral and cationic cluster
vstems. Although this cancellation is not complete because the neutral svstem

contains a greater number of electrons, the clusters treated here are iarge
enough ie.g.. Be-,Cs, contains 84 electronsi so as to minimize this error
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Fourth. the valence basis sets used in this study were not complete.
Additional p-type functions, as well as d-type GTE's may alter the computed
adsorption energies to some degree. Finally, no periodic boundary conditions
were imposed on the clusters, makting the results dependent on cluster size.

Despte these conditions. the work presented here provides useful informa-
tiw. about the adsorption process. including a detald analysis of the nature
of the interactions at the surface, the latter of which cannot be obaile via
expwrint alome. All of the theoretical results are calclad
initio, procedure: that is. no experimental parameters wer ;Id
were aproximnd and all terms in the Hamiltonian Were"M
tic effect for cesium were incorporated into the calculatiolls
initio effective coire potential. Despite the neglect of perioftII
tioum. the clusters used to model the Be surface were harp% cout~S -

layers five layers and seven layers in the case of Be,,. Be,3 and Be.5,
respectvely. Energies for numerous low-lying electronic states were studied.

-.4

S

'~.. ~ 0S S96's
~4

101' 10 2 1 0

TIME sec.
Fig. 4. is) The work function shift of sputter cleaned Be in time exposed to the tesidua ga in the
chamber' (7.6x 10.1 Toff). Wb The work function shift of sputter cleanied Be exposed to H

0 -' Tort) at i - 50 s. ict The change in sputter cleaned Be AES signal in time upon
exposure to the residual gas (7 6 10n ' Torn itn the chambher idark curvet and upon exrosure t,

H, ( 10xI1Q-" Torrn
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The states were chosen by analyzing the highest occupied and lowest unoc-
cupied molecular orbitals. Finally. independent SCF calculations were used to
determine the ionization potentials of the clusters in addition to the use of
Koopmans' theorem.

The experimental findings of Cs adsorption on Be have been presented and
discussed elsewhere 131. Exposure of the surface to H, yielded no observable
change. That is. the Be substrate Auger signal was not attenuated and there
was ao discernable work function shift. Typical results are shown in fi& 4. ia-
curve a. the change in the work function with time is shown for ur
cleaned polycrystalline Be exposed to the residual gases in the
7.6 x 10- Tofr. Curve b corresponds to the same sample with the
that at time i - 50 s. H, was let into the chamber at 2.0 X 10 -" Torr. .-T
corresponds to a flux of 3 X 1013 molecules/cm: -s at room tpersam No
chmne in the work function was seen for a period in excess of 103 s.
corresponding to a fuace greater than 3 x 1016 molecules/cm2 . Curve c
shows the Be (104 eV) Auger electron signal for a sample first sputter cleaned
and exposed to the residual gases in the vacuum (solid symbol curve) and for
the same sample sputter cleaned in and maintained in H, at 3 x 10' Torr.

4. Coedmelom

Analysis of the Mulliken populations for Be19 indicates that this cluster is
too smail to model the bulk surface. However. the population analyses for Be"
and Be. s indicate that these clusters are adequate models of the Be metal
swifa. The adsorpion energy of Cs on Be,3 is calculated as 21.8 kcal/mol
aWn The decrease in the ionizaton potential of Be 3 Cs. relative to Be,, is

•ulated to be 1.5 eV. The experimental work function lowering resulting
M Cs adsorption is measured as 2.3 eV (3). The adsorption energies of H on
W, , oand Bes are I and 18 kcal/mol atom. respectively. The first value is
qible. while the latter is attributed to a local minimum since Mulliken

population analysis and 64 values for both Be,, and Be4. indicate no effect on
Viese clusters due to H adsorption. Experiment reveals no adsorption of H. on
Be metal. thus ruling out dissociative chemisorption.
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Bilj, is studied usin ab iaio Hanree-Fock calculations including relativistic effects. Electronic spectra. geometrc parame-
ters and met atmAc drs are repone. Blue-shifts in the optical absorption spectra relative to bulk Bil are observed. Increases
in ntertayer duuam resuh in shcmmed Bi-Bi separations. Results are consistent with Quantum sire effects in small semicon-
ductor clumen mW wa scwianniml wuaeh microscope males.

The properties of clusters are attracting increased dence on cluster size than do those of isotropic sil-
attention because they represent an intermediate icon. Unlike clusters of Si. Bi61,s essentially retains
physical regime where neither atomic nor solid-state the structure of the bulk crystalline lattice in the lat-
descriptions are itdependently appropriate [ 1-3 ]. eral direction for the range of geometnes studied. We
Although nwnemei experimental techniques to syn- find. however, that there can be significant elec-
thestze clustm both in gascous and condensed phases tronic coupling between interlayer penurbaiions and
are in use (4-91. there is no generally available ex- intralayers lattice dimensions in this cluster. Indeed.
perimml Jpdure to determine the structure and for large increases in the Bi-I interlayer spacings. we

ear r produced. Hence. theoretical see in-plane lattice constants decrease by as much as
er structure as a function of cluster 10%. With these results. it might be possible to cx-

size r or role. plain recent compelling scanning tunneling images
"r i to wa difficulty inherent in treating of Bil, clusters ( 121.

large symm comprised of heavy elements, how- The BiI,g cluster model studied is shown in fig.
ever. has prlouded rigorous ab initio studies on such I. It has the layer symmetry of the bulk crystal and
clusters. Theoretical treatments on systems of this is comprised of a plane of bismuth atoms. above and
type have largely neglected relativistic effects. as well below which is situated a nangular layer of iodine
as certain exchange interactions among electrons, atoms. This model was chosen based on expenmen-
Consequently. the majority of ab initto work in tal data on small clusters of the layered semicon-
semiconductor systems has been limited to small ductors Pbl, and Bill grown as colloidal suspen-
clusters of light elements such as silicon [ 10.111. In sions. Clusters of the type Bill were found to be
such strongly covalent systems, it is found that small comprised of two hexagonally closed-packed layers
isolated clusters tend to reconstruct to form tightly of iodines between which was sandwiched a layer of
bound symmetmcal structures with a high degree of metal atoms in a honeycombed arrangement [8j.
coordination. Moreover. the tendency to minimize Bi6lI, has D3d point group symmetry (cubic close-
the number of exposed dangling bonds means that packing) and represents a fragment of the bulk crys-
the bulk silicon structure is recovered only for ver' talline solid (one unit cell thick) having iodine la\-
large clusters. ers slightly perturbed from the bulk arrangement to

The structure of the layered semiconductor inves- preserve the symmetry of the cluster. The coordi-
tigated here exhibits a radically different depen- nation numbers for our cluster and for the bulk crys-

202 0 009-2614/89/$ 03.50 © Elsevier Science Publishers B.V
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similar to that of bulk BiI 3. where each bismuth lies
at the center of a nearly perfect octahedron of io-
dines. Bi-Bi. 1-1 and Bi-I internuclear distances were

D initially determined fom the lattice constants of
crystalline Bil- j 13 1. However. the ID group of at-
oms (see fig. I ) were rotated by 49.2 c counterclock-wise with respect to croii I _ ent to

obtain a cluster of DM in IC-
ID separations which ar. 41. cor-
responding bulk ciWa vhUiW. dis-

Bi tances were then opumind ia Fock
calculations. consasmag with the v principle
and preserving the cylindrical structure of the clus-
ter. All initial and optimum nearest-neighbor inter-

I atomic distances in Bi4ls are given in table 2. This
table also contains the correspoiding bulk crystal
values, where applicable.

Ab initio effective core potentials which include
relativistic effects 1 14J were used to represent the

0I s-4s. 2p-4p and 3d-4d core electrons in I [ 15 ] and
the I s-5s, 2p-5p. 3d-5d and 4f core electrons in Bi
[ 16 ]. Basis sets of contracted GaLssian-type func-
tions were used to represent the valence orbitals of
Bi and I [ 15.16). Self-consistent field (SCF) ener-
gies for the lowest-lying molecular orbital electron

Fi. I. Bijis churnr having Dm point grmp symmetry. (The configurations were calculated for each geometrc
threefold roatim axi i imncated by C,.) Three symmetry-dis- onentation of the cluster. These ab initio i'stncted
tint I awme we wadicat ll TatomioPc distoaw or , closed-shell and restrcted open-shell Hartree-Fock
to bulk lmase mnuarns. The pounce of the ID stoma, however.
are mutedt by 49.2 * remate to te bulk. linear combination of atomic orbital - molecular or-

bital (LCAO-MO) calculations were accomplished
TableI using programs based on the "equal conibution
Coordiatm aumben theorem" for iwo-electron symmetry orbital inte-

grals f 17]. The lowest unoccupied MOs (LUMOs)
Atomi I Bi Tota of all the electron configurations studied for neutral

bulk B 6 0 6 Bi6lg were quite low-lying. For example. the six
1 6 2 8

cluster bo Bi 6 0 6 Table 2
IA 5 2 7 B4.,. nearest-ntighbor interaction distances (A)
IC 2 2 4
ID 3 2 5 Atom pair Bulk Initial Optimum

Ref. (131 ') See fig. (II Bi-IA 3.09 3.09 3.20
Bi-IC 3.09 3.09 3.20
Bi-ID - 4.20 4.28tal are given in table I. It is interesting to note that IA-IA 4.37 4 37 4.35

these values are equal for Bi. This results from the IA-IC 4.37 437 4.35
fact that our model cluster was constructed such that IA-ID - 4.37 4.35
ea-h bismuth lies at the center of a distorted octa- IC-ID - 6.18 6.15
hedron. (Bi-ID distances are 38.5% longer than Bi- Bi-Bi 4.37 4.37 4.35

I distances in crystalline Bill. ) This arrangement is ' Ref. (131
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LUMOs for the lowest-energy electron configuration of states 13. 15. 16. 17. 19 and 20. possessed two un-
studied had energies below -2.75 eV. indicating that paired electrons and were treated as pure spin triple%
the neutral system is electron deficient. states. i.e. the cluster wavefunctions are spin eigen-

This conclusion is supported by Koopmans" theo- functions having total spin quantum number S= I.
rem (181. If the duster wavefunction 5(2N). a 2N- States 13. 17 and 20 correspond to the same electron
electron antisymmetnzed product of MOs i is configuration comprised of four open-shell electrons
stauonary sad o. is an eigenfunction of the Fock op- coupled to form pm, tnlpIWthe same applies
erator. then W( 2N+ I ). where an electron is added to states 15. 16 a I%
to ,,. is also stationary with respect to any further Since the heavy involve appre-
variations in the orbitals to first order. This indi- ciable relativistic t in-orbit split-
cates that systems possessing very low-lying LUMOs ting. a precise ry for an MO0
are electron deficient. in that addition of one or more configuration tf it' v 3) is some-
electrons to these orbitals will increase the overall what ambiguous. ec reported here are
stability. based on L-S atomic coupling in the context of av-

To satisfy this electron deficiency. we studied a eraged relativistic effective core potentials (REPs)
doubly charged anionic Bil,. duster. We also be- [ 14]. More extensive calculations that make us of
lieve that the anion is the most natural cluster to REP-based spin-orbit operators and explicit elec-
consider from the experimental point of view since tron correlation are required to specify the electronic
clusters of this type are prepared in solution as col- states more precisely 1141. However, the present

loidal particles in the presence of excess iodide ion calculations provide an accurate representation of
[ 19 1. The total energy of Bi6I i was found to be cluster electronic states in terms of L-S coupled sep-
more than 10 eV lower than the corresponding neu- arated atomic states. Note that for large clusters the
tral species. In this cue. nearly all the LUMOs have dependence of electronic properties on specific total
energies greater than zero. indicating that the sys- orbital and spin angular momentum coupling is re-
tem's electrophilicity has been quenched. A geome- duced considerably due to the presence of bands of
try optimization of Bi li indicated that the equi- adjacent states [201.
libriuam ttertayer distances were expanded vertically Excitation energies are given in table 3. Each value
Oy 9.1 dtive to bulk BiI3. This vertical expansion is the difference between the total SCF energy of the

3.6% increase in Bi-IA and Bi-IC dis- ground state and that of an excited state. State I I at
Wla to a 1.9% increase in Bi-ID interatomic 1.28 eV is the only closed-shell state lying within 4

- usrlib$ (table 2 ). Intralayer distances. however, eV of the ground state. Table 4 reports electron charge
woe contracted by only 0.5% relative to those in the per atom values based on a Mulliken population
bulk. This system tends to contract laterally as the analysis 1 211 for the lowest-lying state at each of the
interlayer separations are increased. For example, aforementioned geometries. The energy separations
expansion of the interlayer separation by 60% results for equilibrium Bi6 l- listed in table 3 are band-like.
in a 10% contraction in metal layer lateral dimen- States I through 12 exhibit a nearly monotonic nse
sions. in energy and lie considerably below the expenmen-

-k total of sixteen low-lying MO electron config- tal band gap of bulk crystalline Bil at 2.1 eV [22 ].
urations of the cluster were studied at both the cal- States 13 through 20 are. however, considerably blue-
culated equilibrium interatomic distances and at a shifted relative to this band gap. This may be attnb-
geometry corresponding to a 60% expansion in the uted to quantum confinement effects. as suggested
interlayer distance and a 10% contraction in lateral by recent Pblb cluster studies [8.23 ]. A total of 6_
dimensions. These percentages were chosen from the single electron transitions among 190 possible tran-
results of a series of calculations at geometries rang- sitions among the low-lying triplet states were ex-
ing from 10% contraction to 60% expansion of the amined. Fig. 2 shows that these transitions peak at
lattice constants in the vertical direction and 20% 0.3. 2.9 and 3.7 eV. The higher-lying peaks are blue-
contraction to 10% expansion in the lateral direc- shifted by 0.8 and 1.6 eV with respect to the energy
tion. All of these configurations. with the exception band gap of the bulk crystal. On the other hand. the

23



Volume 163, mumber L3 CHEMICAL PHYSICS LETTERS 10 November 1989

Table 3
Electronic Nsm (DfiKfj (ev)

State No. Tam s "ba MO cmnfiguimuo AE (equil.)

10a, IIa,, 10o2. 13e, 14e, l4e. Sa,. 4a
1 2 0 0 4 1 a 1 00.00

2 s 2 0 0 4 I 0 0 ! 09
3 'A, IA . 2 0 0 4 1 013
4 0 4 1
5 1AW 'A1i! 2 0 0 4 0 0k..
6 2., 2 0 0 4 0 1 -. 47

8 2 1 0 4 0 ! 0 0 0.89
9 2 0 0 4 1 0 0 1 0.95

10 'A.2 0 0 4 0 0 1 1 1.20
11 o A, 2 0 0 4 0 0 2 0 1.28
12 'A,2 0 1 4 0 0 1 0 1.35
13 1E. 1 0 0 4 2 0 1 0 2.67
14 1 0 0 4 3 0 0 0 2.87
is'K 1 0 0 4 2 1 0 0 2.93
16 3AI 0 0 4 2 0 1 0 3.09
17 'A,,, 1 0 0 4 2 1 0 0 3.39
IS 'A,,. A,. 1E. - 2 0 0 3 0 3 0 0 3.61
19 3A.. 1 0 0 4 2 I 0 0 3.81
20 3A5. I 0 0 4 2 0 1 0 3.99

at I mpunmo aeosmtMka "ISee test and tal 2.
"Avemendomsra . tuml e. d' Lawem-yingdosed-sheD asnheo ae found.

tr to two or more electron excitations __

eak ga md at lower energies (approximately 1,.anen.n.

M*U111vis etoetron

$."igA electron
N 20-

values appearn$s in table 4 an- ________-_

dkete predominant interayer interactions
occur between the atoms comprising the Bi hexagonb
and the laros triangle (BiB and ID in fig. I ) for
the lowetgeergy state of Bi,4lji" at both geomtemes 0 is
treated. This was also observed for the other fifteen
electron configurations of Bi4 l1j listed in table 3. E9
No differences were seen between charge/atom val- a o

Population analysis for the lowest energy states of Bi "1' n

Atom Charge/atom' Charge/atom"
(equtl.) (expanded Z)

B1 0.39 0.67 0
IA -0.26 -0.18 0 1.0 2.0 3.0 4 0
IC -0.29 -0.32 Trnston Enlrgy AOVi
ID -0.67 -0.51

Fig. 2. Distribution of transition energies of Bi.li. The arroA
"Ref. [211. "See fig I. " Electron units. marks the position of the bulk band gap.
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Structure and Properties of Cesium-Coated Surfaces and the Effects of

Hydrogen and Oxygen Implantation*
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ABSTRACT

Cesium, hydrogen and oxygen adsorption on beryllium pluet Studied using
restricted Hartree-Fock (RHF) calculations and ab initio zelat Efective core
potentials. The clusters are taken as cylindrical plugs from Be wafers. Cs-, H- and
0-to-substrate internuclear distances are optimized. For each system numerous
low-lying electronic states are investigated, and the Mulliken electron populations
are analyzed. The calculations are carried out in the context of an experimental
study to determine the effects of various adsorbates on the work function of the
substrate. Auger electron spectroscopy and experimental work function measurements
indicate that H. does not adsorb on polycrystalline Be, while photoemission and thick
Cs overlayer measurements show a 2.3 eV lowering in the work function of Be metal
upon Cs adsorption. The continuous oxidation of Cs has been studied using
ultraviolet photoelectron spectroscopy and electron spectroscopy by deexcitation of
metastable noble gas atoms. Results indicate that the work function of Cs is lowered
upon exposure of the surface to small doses of oxygen. RHF calculations show that a
19 atom Be cluster, with three layers of atoms, is too small to adequately model the
Be surface, while the 33 atom cluster, a five-layered system, and the 45 atom
cluster, a_ -layered system, are more accurate representations of the bulk metal.
The emit44'.ectron is clearly seen as vacating a molecular orbital which is
localiz V# surface layer of the cluster, thereby giving further credence to the
model. J -Q

1. INTRODUCTION

Adsorption of cesium on a metal surface lowers the work function of that metal
by amounts generally in the neighborhood of two electron volts(lJ. In addition, the
work function of cesium itself is depressed by about 0.5 eV upon selective exposure
to 0. to form Cs,1 0, [2). In particular, the reduction in the work function of
beryllium arising from cesium adsorption has been the focus of recent studies[31.
Cesium, hydrogen and oxygen adsorption on a beryllium surface are studied here using
ab initio quantum mechanical procedures. Such theoretical studies of the adsorption
process yield detailed information about the metal surface which is neither
straightforwardly nor accurately obtained from experimental data. For example,
charge distributions and orbital structure result from ab initio calculations. Many
such studies have used clusters as models of the surface[4-7]. A good model of
adsorption processes, however, requires the use of clusters large enough to
accurately describe the surface interactions as well as those involving substrate,
while remaining small enough for application of accurate theoretical methods.

In this study, the model systems are defined as cylindrical "plugs, from Be
wafers having surfaces corresponding to the (0001) hcp metal faces. A view of this
wafer along the c-direction is illustrated in Figure 1. All cylinders of a given
radius which may be formed from a wafer of a given thickness are defined in Table I.

Three such cylinders are treated here. The first has a thickness of three layers
and is comprised of 19 Be atoms; the second is five layers thick and contains 33 Be

*P.oceedinos of the SPIE OE/LASE '89 Conference on Microwave and Particle Beam Sources
and "i'rected Enerey Concepts, January 16-20, 1989, Los Angeles, CA.
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Figure 1. A view of Bulk Be metal along the c direction. Nuclei are
situated at the apices of the hexagons, as well as at their centers.
Layers represented by dashes lie at c/2 on the c axis (see Table 1).

Table 1. Be Clusters by Coordination Cylinder and hcp Layer

:ylinder
. H~icht P.n .1 R,-,a RI

(z-Coord.) "

-c/2

3c/2 0 3 3 6
C 1 1 1 -

c/2 0 0 0 3 3 3 3 3 3 6 6 6
0 1111 1111 7777 7 7 7

-c/2 0 0 0 3 33 3 3 3 6 6 6
-c 1 1 1 1 7 7 7 7
-3c/2 0 3 3 6

--C/2

No. Atoms 1 1 33 1 7 9 15 7 13 27 31 7 19 33 45

atoms, while the third contains 45 atoms and seven layers. All three cylinders have
a radius R, which includes a one unit cell step along the a-direction. Be-Be
internuclear distances are taken as the same as the bulk hcp metal (a-2.29A,
c-3.58A) [8]. The resulting cylinders have D3h point-group symmtry, and the



adsorption of atomic hydrogen, one on the top surface and one on the bottom surface
of all three cylinders, is modeled such that the three-fold synmetry is preserved.
The same applies to the adsorption of atomic cesium and oxygen. The Be-adsorbate
internuclear distances are optimized in self-consistent field (SCF) calculations.
The 19- and 33-atm cesiated and hydrogenated cylinders are shown in Figures 2 and 3.

0i

*Be X,, X-Cs, H Figure 3. se,,jx... X-Cs,I1
~1.4.

The 45-ktom cylinder is not shown, but it is similar to the one pictured in
Figure 3, except that it contains seven layers instead of five, with the two surface
layers identical to the surface layers of the 19 atom cluster (Figure 2). Finally,
the simultaneous interaction cf oxygen atoms and hydrogen atoms and a cesium
overlayer are modelled by the addition of either H or 0 to the top and bottom layers
of Be between ":appino" Cs atoms. That is, CsHBe ,HCs cr CsOBeA,-s (see Figure
2). Results obtained using these systems are 6mpared to th Se calculated by
treating identical bare and cesiated Be cylinders.

Calculations were accomplished on a Cray X-MP supercomputer using point-group
symmetry optimized programs based on the "equal contribution theorem" for
two-electron integrals(9). Ab initio restricted closed-shell and restricted
open-shell Hartree-Fock calculations, each corresponding to an average energy of
configuration, were carried out on numerous low-lying states of each cluster. (The
average energy of configuration is defined as the weighted mean of the energies of
all the multiplets for the designated configuration.) The largest clusters required
about two to three hours of Cray X-MP time for each geometric orientation. The
following basis sets of contracted Gaussian-type functions were used for beryllium,
cesium, hydrogen, and oxygen, respectively: (3s2p)/< 2 slp>[10], (5s5p)/< 3s2p>1l),
(4slp)/<2slp>(121, and (4s4p)/<2s2p>[1 3J. Ab initio effective potentials (EP)[14J
were used to represent the is core electrons in BeflO] and 013], and the 1s-4s,



2p-4p, and 3d-4d core electrons in Cs[l1J. Relativistic effects, especially
important for Cs, were incorporated into the EP's(141. Cluster binding energies
calculated relative to the completely dissociated clusters are given in Table 2.
Total adsorption energies given for the cesiated and hydrogenated clusters were
calculated relative to the SCF energies of the naked clusters plus that of two
adsorbate atom. For 0 and K plus Be45Cs2, energies are relative to this cluster.

Table 2. Restricted Hartree-Fock Energies of Be. and I asters

Occupied M0 s B.E. AdW-V*,46-
Cluster a I  a2' a2  e' en alx (kcal/mole) (kcaJ/w!

Be 9b~c 4 1 3 4 2 0 325.25

rBe 4 0 3 .4 2 0 394.70

Bei 90s' 6 1 5 5 3 0 402.99 38.87
+

[BegCsj 6 1 5 5 3 0 405.37

fBe Hz bd 4 1 3 4 2 1 393.76 34.25

!Be I?H2 1 4 1 3 4 2 0 579.66

Bell 6 1 5 6 4 1 724.94

!Be 3J 6 1 5 6 4 1 815.76

b,e et 1 7 7 6 1 768.46 21.76

[BeCs -7 7 6 1 779.74

e 1 5 6 4 1 727.32 1.19
+bI

Be H1 1 5 6 4 I 818.70

Be 8 2 7 8 6 2 1078.74

[Be 45  8 2 7 7 6 2 1196.77

Be ,.,h 10 2 9 9 7 2 1108.95 15.11
45-

[Be45Cs)J 10 2 9 9 7 2 1151.78

Be H b  8 2 7 8 6 2 1115.07 18.16
45

[Be 4 5H2I 8 2 7 8 6 2 1228.41
b,Jk

Be 450CCs 12 2 11 9 8 2 1214.17 52.61
45 L

IBe45 OCs) 12 2 10 9 8 2 1263.79

[Be 45H2Cs2 b 11 2 10 8 7 2 1058.49 -50.46

b[Be45H Cs .)+ 44- 4 10 8 7 2 1090 06



Table 2. (continued)

aUnderline denotes orbital from which the electron was removed.
State corresponds to the weighted average of configuration.
dOpen-shell state: (a ')11a..)l
d Open-shell state: (a. ')I(al 8)1
eOpen-shell state: (e) POpen-shell state: (a, I (a.')'
90penshell state: (a (e )1
iOpen-shell state: (e ) "

Open-shell state: (aI,')I(E,)3
]open-shell state: (a 1')'(a)'
Adsorption energy of 0 on Cs-coated Be45

Calculated work functions are reported in Table 3. The first values in each row
were obtained as the difference between the total valence SCF energy of a neutral
cluster and that of the ion generated by removing one electron from the highest
occupied orbital of that cluster. The values imediately following are due to
Koopmans' theorem and correspond to the negative of the energy of the molecular
orbital (MO) from which the electron was ionized. Experimental values are also
shown.

Table 3. Work Functions of Be and BmX2 Clusters

Cluster *(ev)a

Be19  5.35,5.04
e19Cs

Bel9Cs, 3.41,2.99

Be H, 4.30,3.96
192

Be33 4.41,4.11

33Be33Cs, 2.92,2.60

Be33 H2 4.37,4.09

Be45 3.16,2.94

Be4 5 Cs, 2.40,2.18

Be4 5H2  3.40,3.15

Be4502Cs2  1.97,1.89

Be4 5H2Cs2  2.96,2.67

Be (expt.) 3.92

BeCs (expt.)b 1.6

Bell (expt.) 3.92



Table 3. (continued)

A9(Be1 9-Be1 9CS2J
c  1.94,2.05

A*[Be19-Bel9H2]c 1.05,1.08

A*[Be 3 3-Be 3 3 Cs2 ] c 1.49,1.51

&*(Be 33-Be33H2 0.05,0.01

&*(Be-Be CSc 0.76,0.76AO[Be 45-Be 4 5 C 2d
AO(Be45-Be45H2 ]  -0.24,-0.21 i

as[Be45Cs2-Be4502Cs2]c  0.43,0.29

AO[Be45Cs2-Be45H2Cs2Id -0.56,-0.49

A*[Be-BeCslc 2.3expt.

AO[Be-BeHIexpt. 0

awhere two values appear, these are Koopmans'

btheorem and AE(SCF) values, respectively.
cAt optimum Cs coverage.Values correspond to a work function

lowering.0 !4 d-Values correspond to a work function increase.

c u C net electron charge values are given in Tables 4, 5, 6 and 7, as

calcuited using a Mulliken population analysisi15]. Values of R appearing in these
tables correspond to optimum atom-to-surface distances. These distances were
calculated from the minimum of a curve fit t2 SCF eneraies for three or more
distances.

Table 4. Electron Populations of Be1 9, Be1 9 Cs, and Be gH2

Cluster (Cluster] Total
a Atom No. b Net Charge Net Charge Net Charge Difference

Cluster Z-coord Label Atoms per Atom per Atom ([Cluster] - Cluster)

Beo9 0 BeO 1 1.43 1.41 -0.02
,.2 BeA 6 -0.08 -0.0 0.06

c/2 BeC 6 -0.09 0.00 0.54
0 BeB 6 -0.07 0.00 0.42

Be 9 CS, 0 BeO 1 1.36 1.15 -0.01
c12 BeA 6 -0.05 -0.0" -0.12
c/2 BeC 6 -0.17 -0.11 0.37

0 BeB 6 -0.14 -0.07 0.43
R Cs 2 0.39 0.55 0.33



Table 4. (continued)

BegH2  0 BeO 1 1.38 1.33 -0.05
c/2 BeA 6 -0.16 -0.15 0.06
c/2 BeC 6 -0.06 0.07 0.78
0 BeB 6 -0.02 0.01 0.18
R H 2 0.04 0.05

- -58A

'Io. of symmetry equivalent atoms.

3.'-- f-r Be plane t: Cs distance. (Be to Cs distance is 3.93 A.)

i L'A f:r Be rlane H distance. (Be tc H distance is 1.57 1.)

Table c- Electr:n Pcoulations cf Be 3, Be33Cs2 and Be-3 H,

Cluster [Cluster] Total
Atom No. b Net Charge Net Charge Net Charae Difference

:luster Z-,:Tcrda Label Atoms per Atom per Atom ([Cluster) - Cluster)

) BeC 0.96 0.97 0.01
BeA ' 0.55 0.53 -0.14

0. -r). -0.07 0.14
" eB'
H : -'. 2 -0.10 0.89

eD 1).2 0.14 -0.1

-eO -.94 0.93 -0.01
- .2 BeA 3.5= 0.52 -0.25

2 BeC 6 -0.12 -0.07 0.27
B B 6 -0.34 -0.33 0.09
BeH 12 -0.29 -0.22 0.61
BeD 0.44 0.40 -0.08
-s 2 0.46 0.60 0.29

Be) H BeO 1 1.00 1.00 0.00
- 2 BeA 6 0.45 0.44 0.12

BeC 6 -0.06 -0.04 0.L
0 BeB 6 -0.30 -0.26 0.24

BeH 12 -0.23 -0.16 0.84

d BeD 2 0.87 0.82 -0.10
R H 2 -0.24 -0.23 -0.02

-No. of symmetry equivalent atoms
-R=3.77A for Be to Cs distance.
~=i.58A for Be to H distance at local minimum (see text).



Table 6. Electron Populations of Be45 and Be45H2

Cluster [Cluster] Total
Cl ra Atom NO. b Met Charae Net Charge Net ChargetDifference

Cluster Z-coord Label Atoms per Atom per Atom (1Clustez)

Be45  0 Be0 1 1.00 1.00
c/2 BoA 6 0.42 0.41
c/2 BeC 6 -0.18 -0.16
0 BeB 6 -0.34 -0.30
- BeH 12 -0.18 -0.17 0.12

BeD 2 1.36 1.34 -0.04
2 BeF E -0.14 -0.14 0.00

2c/2 BeG 6 -0.02 0.08 0.60

Be SCs 0 BeO 1 0.97 0.97 0.00
c/2 BeA 6 0.46 0.45 -0.06
:/2 BeC 6 -0.19 -0.17 0.12
0 BeB 6 -0.37 -0.34 0.18
- BeH 12 -0.23 -0.21 0.24I BeD 2 1.22 1.21 -0.02

312 BeF 6 -0.06 -0.09 -0.18
BeG 6 -0.05 0.00 0.30

R" Cs 2 0.29 0.51 0.44

BeA 6 0.43 0.41 -0.12
BeC 6 -0.14 -0.12 01

.~BeB E -0.36 -0.32 .24
Bel 2 -0.14 -0.13 0 12
: BeD 2 1.32 1.30 -0.04

3:/2 BeF 6 -0.18 -0.18 0.00
3c/ BeG 6 -0.06 0.04 0.60
R H 2 0.01 0.01 0.00

No. :t symmetry equivalent atoms

P=3.7OA for Be plane to Cs distance. (Be to Cs distance is 3.93 E.)

dP=0.86A for Be plane to H distance at local minimum (see te::t). Be t: H

distance is 1.58A.



Table 7. Electron Populations of Be4502Cs2 and Be45H2Cs2

+

Cluster (Cluster) Total

Atom No. b Net Charge Net Charge Net Charge+Difference
7luster Z-coord Label Atoms per Atom per Atom ([CIluster - Cluster)

Be 50Cs2  0 BeO 1 1.01 1.02

4 5 c/2 BeA 6 0.48 0.48 .

c/2 BeC 6 -0.19 -0.18
0 BeB 6 -0.36 -0.35 0.

.Be 12 -0.22 -0.21 0.12
2 BeD 2 1.15 1.14 -0.02

?C.'2 SeF A 0.18 0.16 -0.12
BeG 6 -0.02 -0.03 -0.06

R- 0 2 -0.98 -1.00 -0.04
RIP Cs 2 0.34 0.86 1.04

- .i 0 BeO 1 0.96 0.93 -0.03
- c,2 BeA 6 0.51 0.49 -0.12

:2 BeC 6 -0.15 -0.12 0.18
BeB 6 -0.33 -0.31 0.12
B8O 12 -0.26 -0.24 0.24

- BeD 2 1.10 1.09 -0.02
S' SeF 6 -0.01 -0.04 -0.18

6 0.02 0.05 0.18
- 2 -0.16 -0.15 0.02
CS2 n.04 0.33 .58

tf try equivalent atoms

r=150A for Be plane to 0 distance. (Be to 0 distance is 2.OA.)

P' = IA for 0 to Cs distance.

ep--l, 3EA for Be plane t: H distance. (Be to H distance is 1.58A.)

f 0'=2A for H to Cs distance.

2. RESULTS AND DISCUSSION

RHF calculations predict a net energy gain of 18.2 and 1.2 kcal/mole-atom upon
hydrogen approach to the Be45 and Be., surfaces, respectively. The approach of
hydrogen on the Be surface, on the other hand, results in an energy gain of 34.3
kcal/mole-atom. Ce~?um adsorption on the Be and Be., surfaces leads to energy
jains of 38.9 kcal/moleatom and" 21.8 kcal/moleaigm, respectively. Therefore, while
ceslum is predicted to adsorb on both Be and Be, 3 (i.e. at a hole and at a head-on
site), at the SCF level of theory, hvdr;3en adsorbs strongly on Be and appear! to
adsorb moderately on Be45 (i.e., at a hole site) but only negligibi on Be33 (i.e.,
at a head-on site).



Table 3 contains calculated values for the ionization potentials of all the
clusters studied, as well as values for the shift in ionization potential (A*)
resulting from Cs or H adsorption. Experimentally determined values of the work
functions due to Cs or H. adsorption on Be metal are also includedl3].

Results for the 45 atom system indicate a slight rise by 0.2 eV in the ionization
potential of the cluster due to H adsorption, while results for the Be,3 system
indicate a lowering by 1.5 eV in the ionization potential of the,,, Iter due to Cs
adsorption, and no lowering due to H adsorption. The experimOaUaX, ings are 2.3
eV and 0.0 ev lowerinc in the work function of Be metal due to 6tion of Cs and
of H., respectively. Adsorption of Cs and of H on B9 F1 r, results in
ionization potential lowerings of approximatley 2.0 eV anA 1.0 W; respectively.
Although the first value is in close agreement with experiment, the second is not.

Thesc discrepancies are explained by referring to the electron populations listed
In Tables 4 and c. Total net charae differences, in the case of Be , indicate
carticipation in :haroe redistribution by both the surface (BeC, z-cooiA.=c/2) and
middle (BeB, z-coor1.=O) layers upon ionization of the cluster. In Be,9 , ionization
-f the :luster results in a contribution of 0.4 electron from Be atomS (BeB) in the
middle laver compared to 0.5 electron for Be atoms on the surface. Thus, the middle
and surface layers cf the cluster are involved almost equally in the electron
i-nizaticn Crocess. For Be.^Cs,, both the surface (BeC) and middle (BeB layers
:-ntribute 1.4 eiectron, whil Cs~donates 0.3 electron. Since electron emission is
-r m the surfaze of the bulk metal, it is concluded that Be19 is too small a cluster

to model the Be metal surface involved in Cs adsorption.

"n the other hand, the middle layer of Be H. contributes 0.2 electron, with the
.urtace layers (BeC) being predominantly in4lted in ionization. H donates only a
minimal amount (0.02 electron) of charge. Part of the charge contributed by the
middle IBeB) layer iz shifted toward the BeC aroUP of atoms in Be,,H,. Since the
ir-atest harge perturbation occurs on the surface, this model at fir t 9ppears to be
3deauatr for the descriction of H adsorption. However, further analvsis reveals that
h~ -s not -he -a3e. As was stated previously, the middle layer 'BeB) of Be, 1
partic'ates a3oreciabi': (donatino .4 electron) In the :cnizaticn procest;
Lndicatina that this ciuster does not reasonably model the bulk surface. Adsorptior
:f -s or H onto this surface, therefore, yields information about the interaction of
these two species with a finite 19 atom Be cluster, but this information cannot be
interpreted as also applying to the process whereby a Cs or H atom adsorbs onto the
bulk Be surface. Such an extension may be made only in cases where the bare cluster
is a aocd model of the bulk metal.

PO , a five-layer -luster, and Be , a seven-layer cluster, appear to model the
Be metal surface more appropriately. I ization of these clusters indicates that the
surface layers (BeH f:r Be, and BeG for Be4r donate the emitted electron. Although
the middle layers also contribute, the inv:liement cf the surface layers is three to
four times as oreat. The adsorption process, then, is represented more reasonably by
usina Be.. or Be clusters rather than Be .2 model the metal surface.

454
Table 6 shows that the surface (BeG, z-ccord.=3c/2) layers of Be r.and Be 45H2

are most affected durin the ionization process. Although the inner layl4 s of Be. H2
are also involved in ionization, their contribution is minimal compared to the chlgi
donated by the surface (BeG) layers (0.2 electron vs 0.6). As with the Be systems,
some 2f the contributed charge is shifted toward several groups of atoms 19 the Be
clusters: for example, BeA (z-coord.=c/2). However, the largest percentage of tA
charge involved in ionization is donated by the BeG atoms in the surface layer. It
is aiso noted that the net charge differences for Be H are nearly identical to

45 2



those for Be45 , the only difference being 0.06 for the BeA layer. The approach of H
to the Be4 surface does not affect the ionization process. The same conlusion is
reached froi'an analysis of the electron populations of Be,3 and BeH:, which appear
in Table 5.

The values of A* appearing in Table 3 ar- another indication that H has no effect
:n the Be,, and Be surfaces. The greatest shift in ionization potential occurs for
the latter surface Ind is 0.2. aO for Be,3 is practically zermo ore, H is not
predicted to chemisorb on the Be surface and, in fact, kr in the case
ef the head-on approach, as modelled by Be,, (the*v nergy is 1
kcal/mol atom). Adsorption of H on Be ., as shown in Table' ored by 18.2
kcal/mol-atjim. The optimum H-to-Be-plle distance in 0.. 1 . corresponding
values for adsorption onto a Be cluster reported by Bagus et al. are 42.3 kcal/mol
for the adsorption energy anA 6 0.95A for the distance from H to the surface. The
3dscrption energy of H on Be,,, althouah greater (18 kcal/mol-atom), is attributed to

,coal minimum due 'o s te crossina and is akin to physisorption since both the
vcPuiati:n analysis and A(D values indicate no effect on the Be,, surface due to
,isorption of atomic hydrogen.

Hydrogen approaches the Be., surface above a Be atom (directly overhead site) in
,he present calculations. There are three other possible sites for adsorption.
These are the Ba-Be midpoint, eclipsed and open sites. The adsorbate approaches the
Pe Zurface directly between two Be atoms located on the surface in the first case.
7he? seccnd involves adsorption over a triangle of Be atoms located cn the surface,
the 7enter of which is directly above a Be atom situated in a layer next to the
7urtace (which is the case for Be,.). The open site has the adsorbate approaching
'hn n- surface directly above the'center of a triangle of Be atoms located on the
surrace. However, in this case, there is no Be atom directly below. According to a
study by Saqus et al., based on SCF calculations using clusters containing two to
"hree 1avdrs, the directiv overhead site is the least stable for the adsorption- of H

ne surfaceli?]. Be is i five-layer cluster and thus should yield a
7zascna e ":ulue for !e adscrctlcn eneray associated with the directly overhead
i -pr-ah -f an atom 7 he surface, while adsorption on an eclipsed site is
oe~uatelv m,&-led bv the seven-laver 9. :.-linder.

1t is clear that the surface layers (BeH) of Be,,Cs. are predominantly involved
Ln -lectron removal. These layers contribute 0.1electron, whereas the greatest
charge -ontributed by the inner layers is 0.3 (see Table 5) . The total net charge
Jifferences 2f Be,,Cs. differ from those of Be_, indicating that Cs, unlike H, is
3ffectinc electron removal. In fact, Cs donates 0.3 electron to this process. The
effects -f charge redistribution resultina from ionization are greater for the inner
lavers irelative to the surface layers) of Be,,Cs. than for those of Be,,H.. The BeC
grouc -f atoms contribute 0.3 electron, while the BeA atoms accept 0.3 electron in
Be_ .S . The Fum of these amounts still corresponds to less than half :f the charge
cntributed ty the surface layers. In Be. H , the oreatest contributim Lv the inner
layers is approximately one fourth of the charoe contributed by the surface. The
surface layers of Be4 Cs, are also predominantly involved in the icnizaticn process.
However, the atoms in-th, inner layers, particularly those on the outer edges of the
cylinder, are involved significantly (cee Table 6). In this case, as opposec to
Ben, the cesium interacts more closely with the Be surface, thus making edge
efr cts more apparent. In the hydrogenated case, these e8e effects were not present
since H is much smaller than Cesium (0.5 vs. 1.67 f~r the ionic radius of H and Cs,
respectively). The small but non-negligible contribution of the inner layers of
Be.,Cs. and Be45Cs to the ionization process indicates that the dis-repency between
the calculated ani measured workfunction lowering (Table 3) may be improved by
Sreatino a cluster corresponding to a model based on cylinders having the same height



as Be, , or Be45 but a greater radius (see Table 1 and Figure 1). In addition to
2nprovements in so, adsorption of Cs on an eclipsed site is predicted to be more
stable, providing that the cluster model has a surface large enough to minimize the
edae effects. Unlike the head-on site, this position allows the Cs to interact more
closely with the surface triangles of Be since there is no center atom present.

Both oxygenation and cesiation of Be results in a greater work function
lowering than does cesiation alone, while hydi genation of Be4 Cs results in a work
function increase (see Table 3). The electron population 'lai for BeA O2 Cs
indicates that the emmitted electron is predominantly vacating a u orbit i., R
Be HCs,, however, the Be cylinder is more invovled in ion*=aion, donating
apPoximAtely 40% of the emitted charge (see Table 7).

Experimentally Cs adsorption on Be results in work a function lowering of 2.3
eV, whereas exposure of a Be surface to H. yielded no observable change[3]. That is,
:he Re substrate Auaer sianal was not attenuated in the case of H. and there was no
iis~ernable work functi:n shift.

3. CONCLUSIONS

Analysis of the Mulliken populations for Be indicates that this cluster is too
small I-o model the bulk surface. However, the gpulation analyses for Be, and Be4;
,noicate that these clusters are adequate models of the Be metal surface involved 1
%.- r:oen adsorption. A wider cylinder is needed for the adequate modelling of cesium

adsorpticn. The adsorption energy of Cs on the Be,, cluster is 21.8 kcal/mol-atom.
The Jecrease in the ionization potential of Be, Cs. relative to Be,, is calculated to
ta 1.5 eV. The experimental work function lowering resulting from Cs adsorption is
measured as 2.3 eV.f3) The adsorption energies of H on Be, and Be are 1 and 18
kcal/moi'atom, respectively. The first value is negligible, whila5 the latter is
attributed to a local minimum since the population analysis and A( values for both
Pe 3nd Be. indicate no effect on these clusters due to H adsorption. Experiment
--- a1s r'. ad rpticn -t A -n Be metal, thus ruling out dissociative chemisorption.
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Layad anisotre* smiconductor dusters of the type Pb.liu an studied in ab iWW Hamas-
Fock calculations that inldek relativitic effects. Total eneries. intermiw ~~ e
atomic clhtgu am calculated Large Wcmases in the equilibrium iod.a..
remt in as much u a 10% reduction of the an-plane interuclear tias and
electronic spectra, which are attributed to quantum size effects obs
studies. " "

The properties of clusters are attracting increased at- the Hamiltonian were retained. Since no integrals were
tention because they reprset an intermediate physical approximated or disregarded, all Coulomb and exchange
regime where neither atomic nor so[lidta descriptions interactions among electrons were explicitly evaluated for
seem totally adequate I - 3 Besides interest in fundamen- each cluster. Furthermore, relativistic effects, which are
tal questions such as how electronic structure evolves as a significant in these heavyelement systems. 6 were also in-
function of size, there is also the piossbility of using cluded in the calculations.
finite-size effects to create new materials aving unique The structures of the layered semiconductors investigat-
electronic and optical propertie."4 In modern semicon- ed here exhibit a radically different dependence on cluster
ductor research, for example, it is commonplace to fabri- size than do those of isotropic silicon. Unlike clusters of
cate structures whose physical dimensions are consider- Si layered semiconductors of the type PblI, essentially
ably smaller than casrie wavelngths, which leads to retain the structure of the bulk crystalline lattice in the la-
physical phenomena that cannot be observed in bulk tend direction for the range of geometries studied. We
matter.6 Clusters cuataining from about 10 to 1000 firnd, however, that there can be significant electronic cou-
atoms are parstlally noteworthy because their proper- piing between interlayer perturbations and intralayer lat-
tie set the AuM d ltimits on the use of physical size to tice constants in these clusters. Indeed, for very large in-
alter the beuffllo a creses in the Pb-I interlayer spacings, we see in-plane lat-

Many u techniques are now available to tice constants decrease by as much as 20%. With these re-
synthesia q ctu4teshth in gas and condensed phases,7-12 suits, it might be possible to explain recent compelling
but as ydt theft is no generally available experimental scanning tunneling images of structurally related Bil 3
procedure to determin the structure and spectra of the clusters. 17
clusters produced. Hence, theoretical insight into cluster Two cluster models are studied, one of Pb6112 and two
structure as a fmition of cluster size takes on a major of Pb7,I4 stoichiometry. These are shown in Fig. 1. Each
role. The computational difficulty inherent in treating has the layer symmetry of the bulk crystal and is corn-
large systems comprised of heavy elements, however, has prised of a plane of lead atoms above which are situated
precluded rigorous ob initio studies on such clusters. Up two triangular layers of iodine atoms. Pb6112 has D3h
to now, theoretical treatments on systems of this type have point-group symmetry (hexagonal close packing), while
largely neglected relativistic effects, as well as certain ex- both Pb7I, 4 clusters have D3d point-group symmetry (cu-
change interactions among electrons. ' 3 Consequently, the bic close packing). All three represent fragments of the
majority of ab initio work in semiconductor systems has bulk crystalline solid (one unit cell thick) having iodine
appeared on small clusters of light elements such as sil- layers slightly perturbed from the bulk arrangement to
icon. 24.25 In such strongly covalent systems, it is found preserve the symmetry of each cluster. Pb-Pb, 1-I, and
that small isolated clusters tend to reconstruct and to form
tightly bound symmetrical structures with a high degree
of coordination. Moreover. this tendency to minimize the
number of exposed dangling bonds has the consequence
that the bulk silicon structure is recovered only for very
large clusters. I 2br pI

In this Rapid Communication. we report the results of Q i g* 2
rigorous ab initio quantum-mechanical calculations on
semiconductor clusters containing as many as 21 heavy
atoms. All of the theoretical results presented here were
calculated using fully ob initio procedures: that is, no ex- (,)'h' (0h) (b) PA(D") )Pb,,

penmental parameters were used and all of the terms in FIG. I. Pblz, clusters (x -6. 7).
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Pb-I internuclear distances were initially determined from more electrons to these orbitals will increase the overall
the lattice constants of crystalline Pb12 . IS All internuclear stability of the system.
distances were then optimized in ab imtio Hartree-Fock To satisfy this electron deficiency, we studied a doubly
calculations, consistent with the variation principle and charged anionic Pb 6l, 2 cluster. We also believe that the
within the symmetry constraints. Self-consistent field anion is the most natural cluster to consider from the ex-
(SCF) energies for the lowest-lying molecular-orbital perimental point of view since clusters of this type are
electron configurations were calculated for each geometric prepared in solution as colloidal particles in the presence
orientation of the clusters. SCF calculations on heavy- of excess iodide ions. 23 The total energy of Pb6 1 2 2- is

element systems based on relativistic effective core poten- more than 6 eV lower than the corresponding neutral
tials (REP's) have been shown to yield reliable geometric species. In this case, nearly all of the LUMO's have ener-

parameters." In addition, this method yields fully opti- gies greater than zero (-=2.7 eV), indicating a quenching
mized molecular orbitals for each electronic state treated, of the system's electrophilicity. '-
in contrast to many standard methods based on band A geometry optimizatia. wur. .o carried out for
theory. REP's (Ref. 19) were used to represent the Is-4s Pb6 I, 2

2-. The equilibrium interlaysi ind intralayer dis-
2p-4p, and 3d-4d core electrons in I (Ref. 20(a)] and the tances were found to be expanded by 14% and 1%. respec-
Is-5s, 2p-5p, 3d-Sd. and 4f core electrons in Pb. 20(b) tively, relative to bulk Pb 2. This cluster is also slightly
Relativistic effects cannot be ignored for systems contain- swollen with respect to neutral Pb61,2, but this is expected
ing heavy elements such as Pb and 1. 6 Basis sets of con- due to the increased ionicity. As with the neutral cluster.
tracted Gaussian-type functions were used to represent expansion of the interlayer separation results in a contrac-
the valence orbitals of Pb and 1.20 Calculations were ac- tion of intralayer distances, although not as pronounced as
complished on a Cray X-MP supercomputer using pro- for the neutral system: that is. a 40% expansion in inter-
grams based on the "equal contribution theorem" for layer separation results in a 3% contraction in lateral di-
two-electron symmetry orbital integrals. 2 These ab initio mensions relative to the bulk crystal. As previously men-
restricted closed-shell and restricted open-shell Hartree- tioned, results of SCF calculations on heavy-element sys-
Fock linear combination of atomic-orbital-molecular- tens have been shown to be reliable, with the accuracy of
orbital (LCAO-MO) calculations consumed approxi- the method increasing as the number of electrons treated
mately 20 min of Cray X-MP time for each nuclear explicitly increases. 16 Therefore, SCF results for Pb6-
configuration. The geometry optimizations required a 1122-, a I 10-valence-electron system, are expected to be
minimum of ten orientations per cluster, reliable, and any structural differences between our mod-

Energy-optimized interlayer and intralayer distances of els and those of bulk Pbi 2 are attributable to cluster
Pb61,2 were found to be I I% expanded and I% contracted, effects.
respectively, relative to bulk Pb12 . This swollen interlayer A total of ten low-lying electron configurations of the
distance is not unexpected for a Pb6 1,2 cluster having DIA cluster were studied at both the calculated equilibrium in-
point-group symmetry because the electron-rich I atoms teratomic distances and at a geometry corresponding to a
of the top layer are arranged in "head-on" positions rela- 60% expansion in the interlayer distance and a 10% con-
tive to those in the bottom layer. This is in contrast to traction in lateral dimensions. These percentages were
bulk Pbl 2. where each iodine atom in a top layer is post- chosen from the results of a series of calculations at
tioned directly above the midpoint between two iodine geometries ranging from 30% contraction to 100% expan-
atoms located in a bottom layer. This system tends to sion of the lattice constants in the vertical direction and
contract laterally as the interlayer separations expand. 30% contraction to 20% expansion in the lateral direction.
For example, expansion of the interlayer separation by All of the open-shell configurations were treated as pure
40% results in a 7% contraction in metal-layer lateral di- spin triplet states: i.e.. the cluster wave functions are spin
mensions. eigenfunctions having total spin quantum number S-1.

A total of five MO electron configurations were studied Excitation energies relative to the lowest state found are

for neutral Pb61,2. Four of these states were nearly degen- given in Table 1. while Table 11 reports electron
erate and lay 1.6 eV higher in energy than the ground charge/atom values calculated based on a Mulliken popu-
state. The electronic excitations involved orbitals associ- lation analysis: 4 for the lowest-lying state at each of the
ated with both iodine and lead atoms. Furthermore. five aforementioned two geometries.
of the six lowest unoccupied MO's (LUMO's) for each The energy separations for equilibrium Pb61,:- listed
electron configuration have energies lower than - 2.7 eV. in Table I are clearly bandlike. with the two lowest-lying
indicating that the neutral system is electron deficient. states nearly degenerate in energy and states 3 through 8
This conclusion is supported by means of Koopmans' lying at or near tie band gap of bulk crystalline PbI 2 at

theorem. - 2.5 eV. 2 The last state corresponding to Pb61, 2 - listed
If the cluster wave function (SN). a 2N-electron an- in Table I is considerably blueshifted relative to the band

tsvmmetrized product of MO's 0 ,., is stationary and o,, gap of the bulk. The same type of energy separations
is an eigenfunction of the Fock operator. then ,(2N + I ). occur at an expanded interlayer distance. the only excep-
whereby an electron is added to o,,, is also stationary with tion being for state 4. which has an energy value between
respect to any further variations in the orbitals. This three essentially degenerate low-lying states and four

means that the orbital energy 5
m corresponds to the elec- states grouped near the band gap of the bulk solid. A to-

tron affinity of the neutral system, providing that c, is tal of 45 electron transitions among the ten lowest-lying
unoccuied Therefore. systems possessing very Inw-ing states found were examined. The density of states shown

TjO>i' e e:ectron deficient: i.e.. the addition of one or in Fig 2 indi- .!,- it L t these transitions are neaked at 02.
AAIO' a.- •~co deiiet i•. h dito oeo



1272 MARINO, SAWAMURA. ERMLER. AND SANDROFF d

TABLE 1. Electroeic statesOf Pb12 u clusters (eV).

AE AE
Cluster State No. (Equil.)' (Expanded Z)a r

2 0.03 0.14 -

3 2.14c 0.47
4 2.21 l.19C
S 2.25 1.31
6 2.36 2.05
7 2.41 2.12

32.492.900 .01. 0
9 2.53 2.47
10 4.343.6FG2.evliyocamsaeTharw

marks the position of4 bW .&MOW
PbIi 0.00 0.00

2 0.26 0.35 tions correspond to nutal-metal transitions. Differences
(five layers) 3 0.28 0.76 in charge/atom values between the highest-energy state of

4 0.35 0.95 Pb4 12
2 '_ (state 10) liste in Table I and the ground state

5 0.59 1.11 are as high as 0.2 (compared to -0.02 for states 2-9). In
6 0.63 2.1 this case, the transition involves both Pb and I atoms.

8 0.76 2.0As noted above, two cluster orientations were studied
9 0.99 3.29 for Pb 7114 [Fig. I(b) and 1 (c01. Since the neutral system
30 1.012.4 was found to be electron deficient, analogous to Pb6I 12.
11 1.26 3"two electrons were added to the cluster. A geometry and

electronic state optimization of the first [Fig. I Wb) result-
Pbl 0.00 0.00 ed in a 20% contraction and 10% expansion of interlayer

2 o." 1.71 and intralayer distances, respectively, relative to bulk Pb-
(three layers) 3 1.54 1."9 12. The lowest I1I states (the energy for each of which cor-

4 1.80 2.39 responds to the weighted mean of the energies of all the
5 1.83 3.27 pure spin multiplets for that particular electron

2.119 4.29 configuration) are nearly monotonically distributed for
72.39 4.67 the five-layered cluster. as shown in Table 1. On the other

4£3.27 4.75 hand, bandlike behavior is observed when the interlayer
9 3.31 distances are expanded by 60% and lateral dimensions are

10 4.97 .. contracted by 10% relative to the bulk crystal. Energy
See text 8See Fg. 3(b) gaps of 2.7 eV and higher may be attributed to quantum

'See Fig. I(a). 'See Fig. I2(c).

'Lowst~yn# lose-shll snglt stte.TABLE 11. Population analysis for the lowest-energy states

2.5. and 4.9 eV. with the second peak lying near the exper- o b i lses(e.2)
imental bulk band gap of Pb12 and the third blueshifted Chargeatom3  Charge/astoms
relative to the band gap by 2.3 eV. Cluster Atom (Equil.) (Expanded Z)

Charge/atom values appearing in Table 11 indicate that Pl,.l 12 
2 -b PbA 0.33 0.57

the predominant interlayer interactions occur between the Pbr 0.69 0.67
atoms comprising the smaller Pb and I triangles (Pb4 and IA-0.4-03
14 in Fig. I (a)] for the lowest-energy state of Pb6112 2 at Ic-0.64 -0.62
both geometries treated. This is also the case for the other
eight-electron configurations of Pb6I1 ,2 2-listed in Table 1. Pb,14

2  Pbn 1.02 -0.29
with the excepTion of the highest-energy state (state 10). (five layers) Pb. 0.80 0.55
Comparison between charge/atom values for this state at 14 -0.41 -035
the equilibrium geometry and at an expanded interlayer Ic -0.59 -0.51
separastion shovvs that the interlaver interactions predom- ID -0.93 -053
inantiy involve both tvpet of Pb and I atoms [Fig. I (a)].
No difI ferences are se en between charge/atom values for Pbl 4 

2 - d Pbo 0.08 -0.49
the ground state and tae corresponaing values for each of (three layers) Pb. 0.80 0.67
the higher-energy states (states 2-9 in Table 1) at both 14-0.53 -0.45
geometries treated. indicating that the electronic transi- Ic -0.53 -0.45
tions are predominantly intralayer and occur among ID -0.26 -0.05
symmetry- related atoms. A more detailed analysis of the 'Electron units. 'See Fig. I(b)
Mullikeri populations reveals that these electron excita- DSee Fig, I (a) 8See Fig. I1(c).
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size effects, which are responsible for blueshifts in the 1 (c). The center lead (Pbo) and the center iodines (o)
spectrum. The predominant interlayer interactions occur are especially affected by interlayer perturbations since
among the Pb layer, IA and ID (Table II and Fig. I (b)]. the charge on these shifts by as much as 1.3 electrons (for
and a comparison of charge/atom values for the ground Pbo) in the case of five-layered Pb7114

2 -. The largest per-
state and the corresponding values for each of the excited turbations are expected for these atoms, however, since
states at both geometries indicates that all of the transi- they lie along a symmetry axis and therefore experience
tions involve both Pb and I orbitals. the greatest number of nearest-neighbor interactions.

The second Pb7id, cluster studied, which contains three Pbo, in fact, is positioned at the center of symmetry. Al-
layers [Fig. 1 (c)], was also found to be electron deficient. though not tabulated, there are also significant differences
Consequently, a doubly charged anion was investigated. (as large as 0.6) between charg/tom values for the
Initial intralaver atomic distances for this cluster corre- lowest-energy state and the -orrnp dhig values for each
sponded to those in the bulk crystal, " although interlayer of the higher-energy states Of the PbvW aaionic cluster at
atomic distances differed from those of the bulk due to the the two geometries listed in Table 8L further indicating
positioning of the hexagonal layers. Upon optimization it that the electron excitations in these cluters involve both
was found that the lowest-energy geometry of Pb711 4

2 - the Pb and I layers.
corresponds to a 2.2% lateral contraction and a 38.7% Our findings regarding the reduction of in-plane lattice
vertical expansion relative to the bulk lattice constants. constants when interlayer distances are expanded from
The cluster was also studied at a geometry corresponding their equilibrium values aid in the understanding of recent
to a 60% vertical elongation and a 20% lateral contrac- scanning tunneling microscope (STM) images of layered
tion. These percentages were chosen from a series of cal- Bil 3 clusters. " (These layered semiconductors are very
culations analogous to those on Pb61 2

2-. A total of ten similar chemically to those of Pbl, and both systems have
electron configurations were studied for the anion at both been studied experimentally. "i) In that study, atomically
the equilibrium geometry and at an expanded interlayer resolved images showed structures having honeycombed
separation. The energies of these states appear in Table I symmetry after colloidal suspensions of Bil 3 were evap-
(dashed lines indicate energies greater than 5 eV). As for orated onto graphite surfaces. Since the central bismuth
the five-layered cluster, the states correspond to the plane in Bi13 has honeycombed symmetry (in contrast to
weighted mean of all the multiplets for a particular elec- the hexagonal symmetry of the iodine planes), the STM
tron configuration. Clearly, the system exhibits a band- images are most likely individual bismuth atoms. In-
like behavior (Table I). The first excited state at 0.68 eV terestingly, the lattice constant of these putative Bio13o
corresponds to a single electron transition. The next three clusters was measured to be 0.65 nm. roughly 20% smaller
states (1.54-1.83 eV) are double excitations from the than the bulk in-plane lattice constant. Hence, these
ground state, while states 6 and 7 (2.19-2.39) correspond STM images could be revealing clusters whose topmost
to single excitations. The remaining states (3.29 eV and layer of iodine has been removed or displaced from its un-
higher), which are higher lying than the bulk-energy band derlying bismuth plane. Chemical oxidation or cluster-tip
gap, correspond to double excitations from the ground interactions could be responsible for these large perturba-
state. It is noteworthy that elongated Pb7ll,4

2 - exhibits tions.
energy gaps of 3.17, 4.67. and 4.75 eV, which may be at-
tributed to quantum size effects, as suggested by Sandroff, The research at Stevens was supported in part by
Hwang, and Chung (3.42, 3.95, and 4.80 eV). 23  Bellcore, the National Science Foundation under Grant

Charge/atom values for all Pb~li4 clusters studied No. CHE-8912674, an allocation of supercomputer time
(Table ii) indicate that the interlayer interactions involve at the Pittsburgh Supercomputing Center. and the Air
both types of Pb and I atoms in each layer [Figs. I (b) and Force Office of Scientific Research.
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Ndmb sbual dery is we in the ofm dab mW Haraue-Fak calulations to study the aug. of qualamR i.mt

phosfteys Iudwl' a hexalosal land hlee At the equilibuium geometry for the loen eletsvoic

Astei nhphue ineuuasei distamos; are contractedl by 11.3% compared to the experimental bulk Pbl, value. Optical

mdto be be-shiftaid by 0.3-2.1 eV relative to the energy band gap of crystalline M2!.

TABLE 1: Furgy)pdnlasd awswemde Olassm (A)
Tbw is 4crueui Wner in expliagV the unique proeroematmirac

attributable to qualnum an or qunatum confinment eecsin pi
the design ofoptoectrouic d, vim -." tofac it is currently paro
withinthe how ~otec olgy tosyinhuaie ioductm rcha Pbfti 4.56 4.56 4.46 4.04 4.04

systems that hae volume and surface areas that are of the smne 1,A'A 4.56 4.56 4.46 4.61 4.61

orderof muagind a utlWwawlm'tbs.7 l1m i4.mieeK IA-10 4.56 4.56 4.46 4.61 4.64
PbA.-IA 3.22 3.00 3.46 3.44 3.44

pheomena typimallyyitedblu-haffted optucal 5pSctiSU excaton Pbo-io 3.22 1.35 2.57 2.56 3.07
confinement.43 depruu einzationsa enrge." and nonbulk Pb-I' 1.5 1.85 2.57 2.56
fragment structres"u comapared to bulk properties.

In this article, we address the origin of quantum confinement 'See Figure 1.I Bulk geometry (see ref 2!1). 1Interlaver distance.
phenomena in setniconducto clusters from the perspective of
ngorous ab inmtio timileonlar orbital theory. msuethe size and geometry of larger lusters.1 1-11 Informion

In raeat YUAr defy media involving gometryoptination derivedi by using these approaches may be used as a starting point
and electronic structure determinations have been made possible
by the availability of superccm.puters.-" Yette intermediate (1) Haasi C. Ph vs. Ted., 197. No. 12. 44.

repin e ocuuaesand mhi. wher certsin quantum size (2) SandrT. C. J.; HwaWg D. M.. Chun& W. M. Ap. Pkvir. Lett, 19tS.
efcsemerge. is not MulY undemnood. However. that threshold 31.104.

may equre dst' coi ailma as1000 5 ~il) were (3) Erinler. W. C.. Rtow R. B.. Sawamurs Mi. In Anwetuw of t he
rig r ab iii actonses are sl nos easible.E efr Supmouiop~uang Symposium. INS: Unwmasy of Aihea: Edinom. 1918.

rigo s a intioCalulatonsarestil nt fesibe. venfor (4) Brus. L. E. J. Chrnt. Phys. 1904.80.4403.
smaller clusters,00 geomery optimizationts employing gradient (5) Itch. T.; Iwabucha.ti Y.. Katacka. m. Pkjmc a 1915. .567.
methods require enormous computational effort.' However. the (6) DiMt M. G.. Helf. V. J. PA _Y. C I97. I/. %I6L

advent of scanning tunneling microscopy (STM) has provided (7) WoU,. k B. igG;sPMJ.SMM.W P~.Rv et

usefu information about dhiin Pgen 4y"' although tip-surface (5) Raghavachan. K. I Chem. Phys. 1966.84. 5672
interactions may perturb the surface and absorbed clusters."6 (9) jem. P. in Pdewierum Sugemo. S.. Nishima. Y. N.. Ohnuha, S..
Tranamauton electrn microscpy (TEM) is also used to directly Ed.. Spruetit-Veriag: Berlin. 1987.

(10) Rai.R. B.; Ermer. W C.. Kern. C W .Pittet R. M. Chem. PA vs
_________________________________________ Lett 1967 134. 115

'Derenmrint of Pliwam aod Enpanii Physia i 11 Inoahits. T. Olintshi. S. Oshivama. A Phys Rev Lett. 1966. 57.
1 Deverment of Chaetory and Chemamil Engrniientip 5 60
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OATAKtE 111. Mleh (hhbI Csew CemJfwdin of fW, 43-

o1 gat MO configuramion

* Pb, Do. All a2. es to a1i &2

g i0Pb 0, I 2 0 0 2 0 0

3 2 0 1 1 0 0
(0) (a) 4 2 I 0 1 0 0

5 0 0 I 3 0 0
-. 6 2 0 0 1 0 1

7 2 0 2 0 0 0
a 0 0 0 3 I 0
9 2 1 1 A_ 0 G

10 0 .1 0

Iubrdls 6u~ p 4Nme fdc

(c) W d) N" OfSam isIrniilucible rep.

m~m.Iicv s lu (o)al fumaimmi f ukbI,. (a) the ire...i inneir vaimh's.
initial ueum - y. (b) eisiutmsd im twe digiless of I Im (c) epa-
linuan to thre dej -s- Of fis, (d) optimUssai of s coordinates Ab initio restrickad cdosed-shell and restricted open-shell
af I0 a1101111 in sdiim to (e.Hartree-Fock liear Combination of atomic orbitals molecular

orbitals (LCAO-MO) calculations were carried out for Pb)7114
for the computationsl doinmusim of d.er g..issry. Reasm clers that explisitly included the valence electron of each atouti
STM studies on metal-lod m uandailor 'hm suggussed (6a and 6p for Pb. 5s and 5p for 1). Basis sets of contracted
the existence of mir 1 AIui havisig a layeredstructure. which Gaussian-type funictions were used to. represent valence orbitals
appear to be cylindrican ses of the bW.. of Pb2'and 1.25 Theore electrons (Is-5s. 2p-Sp. 34-Sd. and

Spherical kucRochumsi fumml 1, 1 - .ssm that have 4f for Pb,2' ls. 2P-4p. and 34-4d for 123) were represented
been investigated in rom yams have bonm li sde peirmloec- by ab into, effective core potentials that include relativistic effects
ules'" and supainu'1 (shM uW*). The wqvimidaml are which are not negligible for heavy elements such as lead and
spherical or cylindrical bA V fer wfehuert pmekin loding.2
were derived through ab li mlinklan. wW tb slilrasins All of the ergies of the highest occupied molecular orbitals
are baned on jellim .iWk wf hh W Ipu~ bmiishe. H rer (I4OMas) andloes uanoccpied molecular orbitals (LUMIDs)
in either case. sulffm wlal 1gsi ic P',iton due wore observd to he negative for the low-lying states of neutral
to the size of the mi , 1n1 -1 weiusat . In hbe regime Pb,11. clusters. To compensate for this electron def'iciency, two
of milcroclusters of o al lsr ia siO (Noa to several extra electrons were addd to the valence MO's (Pb,l,.'i
hun111111r11111 atam). eba d serhtl my emerge throughoult the calculations. This procedure is consistent with

Koopman'thsism"u and was used in earlier studies on Pb~l,3,1
Caleil~ 3i.JSY2 and PI 12

25 in which geometries were frome ai near-bulk
A m=MN = Fillenkoci m Maed he tin values.

Aitr FbI mio inws laatd the 18 n Geometry optimiations based on total valence energy calcu-
dutnuti~'osdsnesph~arbd dner pihidat 2.1. iatin required 60 independent geometries. The computer pro-

29 APi- n e p is I b Fal 9td k cyidrical tuce for grains employed here take advantage of the cluster symmetry to
lad ga-plinplss b iehs fixed at Aul listepoions n h sed significantly decrease the number of two-electron integrals thai
lsead ndioinluepmm y( I id a lAiepomtamonsan -- must be calculated.22 The cluster was treated by using its full

lead iodide appears in Figre lo (a - 4.56 A. c - 6.96 A).21  LOW~ point group symmetry. Total valence energies and partial
Intriaer hitane ad ii-liso isunstmicdisamosswer intialy and gossatomic popuiations2 for I I singlet and I I tripletstates

seterater ulk alus and 4.56 A, rsncdmesp ertie m(Tal1 including the ground state were calculated for each geometry
setum at Thei bulktvals m.ms an 4.36 A.hespectial y (Tabe in (Table 11). From these states. 55 singlet and 55 triplet transition
columon 0)sitheontr ad u ton she-I hextaol dastaesii energies were obtined as differences in total energies of initial

that are shortened in conmparison to the bulk (Table 1. column and rhnal states. This procedure is moie ngorous than conventional
o).Th dimeerof this cylindrical cluster orresponds to the HOMO-LUMO gap approximation& for transition energies.

lowest peak in the experimental size distribution.' The coordi- MOsa me vitlortlsdeothsefcnset-ed
nation numbers of the cluster are 2 (Pbo), 4 (PhA). 1 (I,,). and (SCF) procedure and are deficient in the sense that certain

two-electron self-interactions are present."0 In addition, if they
2(IA.wiea ul 0-te re6~d3frledadidn are used as a final state of a transition. cluster orbital relaxations

atonm respectively. Ab initio studies on nonstoichiometric lattice that accmpany the transition are ignored .31 These orbital re-
matched clusters can be found el~where.1m laxations, as well as ihe proper inclusion of all two-electron ina-

(12) Kappa. M. M. Chm. Re.. 193. 88. 369. (22) Manna, M. M.. Seawra. M.. Ernir. W. C.. Sandraff. C. I. Chem.
(13) Stapslfld. J.: Warmer J.; hiller. T. Ph1'. Rev. Lori. IM6. 62.98. Phys. Lett. 109. 16J. 202.
(141 SeuiiD.:.mT.;sL L S, Smnneif. C. J.J. Var. Sci. Techual. (23) Manna. M. M..:Sawamwa. M.; Erier. W. C.; SaodradL. C. J. Phys.

A IM,. 6. 424. Rev. S 1990. 41. 1270.
i 15) Gana. E.; Sattle. K_: Clark. 3. Phys. Rev. Left 1969. 60. 135C (24) Rs. .. : Powers J. M.- AlasiwoT. A.: Eralr. W. C. LAjoan.
(16) Mamnin. H. J.. Gaas. E., Abrabarn D. W. Phys. Rev. 8 1956.34. L. A.: Chrsmamen. P. A. J. Chem,. Pkys.. in prm.

9015 (25) Lajobs. L. A.; Cbimuann. P. A.. A-asroo. T.. Erailer. W. C. J
(17) Giorgio. S.. U.rban. J.,J. Phys. F 19K1 18.,147. Chem- Phys. 19i7. 87. 2312.
(I I) Itlima. S In ref 9 (26) Chrstansen. P. A.: Enmiler. W. C.: Pitzst. K. S. Annie. Rev. Phys
i 9) Jinii. T W.; Oni#. N. P.. Sagiraff. C. J. Appl. Phys. Lett. IM5. 33. Chem,. Ins5. 36. 407.

04 (27) Koopnaans. T. Physica 1933. 1. 104,
(1,01Eriner, W C_ KernC. W.; Pitg. .. Wmsa. N. W -J. Chem. (28) Pitzar.R. M. J. Chem,. Phys. 1973. 58. 3111

Phys 1"G, 84. 3937 (29) Malliken. Rt S. J. Chem. Pkys- 1955. 23.1833
(1I1 Donnav. JL D H.: Dannay. G-. Cox. . G.. Kennard, 0.1 King. M (30) Hunt. W JI. Goddard tit. W A Chem, Pkrs Left t19. 3. 414
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TABLE Ill: Slglmp-seven Treinkm Emem0 (V) (eV)
geometrY -4915

Iran$' spin* a b c d (b) (c) (d)

1-2 T -0.65 0.05 --0.17 0.23 _ S11
S -0.11 0.06 0.00 0.01

1-3 T 0.08 0.73 1.73 1.95 T11
S 0.42 1.00 1.19 L " Sti

1-4 T 2.70 2.46 3.07 3.21 - Si!
S 2.11 2.07 2.69 2.32 7T1- - SI

1-6 T 4.53 2.68 4.25 4.36 710 T -I! s 0

S 3.1 2.21 3.1 3.97 - S----
2-S T -0.38 1.60 2.31 3.59 - O T9

S -0.97 1.69 2.22 3.3381
2-s T -048 1.93 3.17 4.45

S -1-12 195 3.03 4.67 -4920 70- 1 9
Transition i-i. a andj are the initial and final stats T9pctvl

(see Table 11). Spin multiplicity: T - triplet and S - singlet. 'See
Figure I. 7S'- S3

teractions. were explicitly included in the prpent calculations. T73 T3- Ts-
The transitions am characteriz d by an analysis of the dominant T 3 T4-

electron population shifts. Comparison of atomic orbital popu- T4 7 S4

lations for initial and final states of a transition taprumnt changes - S3
due to the transition (population shifts). Electronic charge is T i-
consded to have exite from the oafta" with tie most negative 72- 73
population shifts and inhered those orbitab with the most positive -49251
shifts. These characteristics may be denoted by. for example. S2
'Pb-Pb in-plane transition", "I-Pb interlayer transition", etc. T2 - Si

Result and Disusieon' T1-

The geometry was optnized adiabatically (viz.. the lowest Rpm 2. EJermic states of Pb 1,,- clusters at each level of geometry
electronic state was feud at each geometry) With repect to the omtion. T an S indicate triplet and singlat states. respectivtly.
total valence energy at three levels (Table i). First, two pa- Numbers correspond to Tale i.
rameters, the interlayer and intralayer atomic distances (height Figure 2 shows that this geometry deformation resulted in a
and diameter of the cylindrical custer), were varied (Figure I b). large spreading of energy states. Total energies were lowered by
The in-plane interansi distancs in the lead and iodine layers 1. 14-1.36 eV in the low-lying states I and 2. However, e
were assumed to baeqal at this level. This pacese resulted in were lowered by only 0. 12-0.68 eV in states 3.4. 5. and 8 and
an estimate of appromte cluster size. The in-plane atomic even increased in the remaining states by 0.28-1.46 eV relative
distane on mch hlw dyweed by 2.2% relative to the bulk lattice to geometry b of Figure I. As suggested by the spreading of states
constant (Table I. cimn b). The PbA-IA atomic distance and shown in Figure 2. vibronic properties of the clusters appear to
Pb-I interlayer dimn, were larger than the bulk values by 7.3% be emerging at this level of geometry optimization. That is. each
and 38.7%, respectively, This vertical expansion of the cluster state has its unique equilibrium geometry with a deep and narrow
is attributed to the choice of a compressed initial geometry. potential well. However, consistent with the Franck-Condon

Single-electron transitions from low-lying states (states I and principle, vertical electronic transitions with no simultaneous
2). chosen from among 110 possible translitions are tabulated in geometry shifts are expected. As a result. the energies of singlet
column b of Table ill for this case. Compared to the states for electron transitions 1-4. 1-6. and 2-8 are blue-shifted from 0. 12
the initially chosen goometry, many mtate cromings were observed to 1.68 eV relative to the energy band gap (Table Il1. column c).
(Table Ill. column a). States I and 2 were found nearly de- The emergence of a blue-shifted ultraviolet (UV) spectrum for
generate. Transition energies from states I to 4 and to 6 (tran- geometry c, but not for geometry b, indicates that quantum
sitions 1-4 and 1-6). 2.07-2.68 eV. are comparable to the ex- confinement effects in cluster systems cannot be discussed un-
penmental energy band gap in crywtailin PbI2 of 2.57 eV 2z Sine ambiguously without first determining the optimized geometries.
the population shifts in both transitions were small in comparison Since both systems had an identical ground-state electron con-
to all the others, it Is concluded that the wave functions of the figuration, and were nearly of equal-size nuclear frameworks, the
initial and final states were very similar. As a result. it is expected blue-shifted optical spectrum must be due mainly to geometric
that their transition probabilities are higher. The other transtios reconstructon in the lead layer.
(0.05-195 eV) were found to lie below the band gap. At this This reconstrhton leads to difficulties in using a-paicle-in-
stage. the in-plane atomic distances and optical properties are seen a-box model with accompanying effective mass approximation
to still be bulklike. in microcluster theory. ' In this model quantum size effects anse

Second. three geometric parameters were vaned: the interlayer from the finite boundary conditions. However, this method may
distance, diameter of the middle layer (lead layer), and the di- not be able to correctly estimate effects due to internal recon-
ameter of the top and bottom layers (iodine layers) (Figure Ic). struction. which are observed to cause large perturbations in
The i-plane interatomlic distances in the lead layer contracted transition energies in the present calculations. For example, the
by 1.3% while the intralayer iodine distances staed essentially folowing equation for the energy rise due to confinement in layered
the same ( 1.2% elongated) compared to the initial geometry (bulk Pbl, clusters within an effective mass approximation has been
lattice). The interlayer distance was found to be nearly equal to used:2

that of geome rvbof Figure I (contracted by 0.01 A). This result
showing a contraction of the lead layer is consistent with the E (eV) - 235/L,, 2 + 26.85/L:2 ()
experimental STM studies on surface metal clusters of Bi 4 and L., is the diameter and L, the height (both in angstroms) of the
of Au and Ag .' In all of these cases. the metal-metal interatomic cylindrical cluster. The dimensions of geometry b of Figure I
distances were observed to be contracted relative to bulk values ;an be estimated as L, - 13.38 A and L. - 9.60 A by assuming

mne in-plane interatomic distance as the atomic diameter and the
1:L Harbeke G . Tousat. E. RCA Rft 1S 36 41, :rcumsc1r;bineQ c% nd-- a t,r - ,.v .



Those of geometry c: in Figur I anL1, - 13.26 A (average 3.95. and 4.80 eV1O or 3.1. 3.6. and 4 eV.33

diameter) and I, - 9 .73 A. Substitution of those values nto eq
I gives energy increases for geometres, b and c; of Figure 1, 1.60
and 1.62 eV, respectively. The increment in transtion enris Geometri and optical properties of layered Pb ,, clusters.
due to variation fkm goeamary b to c; rusl in only 0.02 eV. while reporte here at several levels of geometry optimimen. indicate
the average inreinet in sii lbcrt8 titi enegin; between an evoluion f Oquanltuml con~finemenit effects. Surface: and internal
geonesnes b and c: is 0.80e*V in the rigorous ab butio calculations geometric recontractiols; are important components in under-
(Table 111). standin the nature of such effects. A carefully optimized ge-

Finally. poum y c of Fiugre I was fmoa. esetfor the oentral ometr for layered Pb~l ,s indicated a drastic contraction in the
iodine atom on the top andl beet.. layers (lo atom). The z Pb-Pb in-plane interatomic disances and blue-shfe UV spews a
coordinates of thesm atom alon weru, opimiA (Figure I d. Table compared to crystalline Phi3. Dulk fragments treated by using
1. column d). The equiibrhi geonetry in thisschem corrn- ab initi procedures witims full pinmey optizatieL or
sponds to the lowest total valence energ of all PbI2 clusters a-partie-i-abo nW*b (uk Fm . pFUMtions11
studied. (The sy~am was no "ul optimiuod in all four degrees are not sufficiently tigs,. w -treatment of
of freedom because of computational limittons.) The final quantum size eflemt i in SurMNOfac and
optimum geometry i qui-.perical. Varustion from emere internal geometric rsmmetroanui leess tra stion
c to d of Figure I resulted in state -rsane blu-sifted UV energies resualting; in Ilee I f 11 absorption spectra.
spectra (Table Ill. column d) and the further energy spreading Complete gPC=. si a~~ t uhi mmlre
shown in Figure 2d. Trmesiions 1-3. 1-4, and 1-6 (1.95-4.36 blue shifts.
eV) are seen to be predominantly Pbo-PhA in-plane transitios. W hn ee ihzafranugwt
The transition en.. Pi Im, by only ON- eV r.t.. I Ackrdowkdgnowi.WetakPwFgiz frsifn ih
c to cluster d (Table 111. columns c: and d). because these tran- the construction of Figure I and Maria Manino for helpful dis-
sitions are largely Pb-pt inplan transitions and are unprturbed cussions. This redearch was supported in part by the National

___dagipiothlaos nhohrhni11 cec oudto ne rn CHE491 2674 and the Air Foice
increases in transition enersies in transitioas 2-5 and 2-8 OfieoScnticRsat.TePubr up onuig
(0.28-1.66 eV) are attulbimable to the 10 loios Intina Center as acbowbodeed for a grant of Cray supecmputer time.
lo-PbA lcron tranfer is pedonminant. The awtrm n eneries No. Pbl2 10101-634.
2.82-4.61 cV in tranitions 1-4. 1-6. 2-5. and 2-8 (Table 111)
agree well with the esperinmally obseve optical peals at 3.42. (33) Na=P. Y. Prwate em mU0.
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Ab initio study of the effects of cesium, hydrogen
and oxygen adsorption on the work function of berylium

M.M. Marino
Department of Chemistry nd Chemical Engineering Stevens Institute of Technology, Hoboke. NJ 07GMfo,

and

W.C. Ermler'
Department of Chemstrv. The Ohio State Un verst. Columbus. OH 43210. USA

Received 12 October 1990

Hydmn. oxgen and cesum adOrpo On on beryllium metal were modelled usang a Be4 , custer containing seven layers. The
ab nitto Hiv ree-Fock calculations employ effective core potentials and full D3, poimt-group symmetry. Ceuaton of the surface
it found to i3wer the work function by 2.2 eV. in good agreement with the expermental value of 2.3 eV. Adsorption of oxygen on
the cesiaka.. Surface lowers the work funcUon by an additional 0.3 eV over the 2.2 eV lowenng due to cesiation alone, whereas
hydroenation Mines it by 0.48 eV.

It as well known that the work function of a metal smallest such atom to exhibit metallic character. Sec-
can be lowered by the adsorption of cesium [ 1-41. ond. the theoretical results may be compared to ex-
Co-adsorption of 0 has been found to lower the work perimental work involving Cs adsorption on Be metal
function even further (51. Studies of this type are (4]. Finally, the Be,5 cluster used in this study has
important because of the many technical applica- previously been determined to provide an accurate
tions of low work function surfaces. one example of model of the bulk surface involved in adsorption
which is in the generation of H - and D- sources in [ 12.13 ]. All of the calculations are carried out at the
thermonuclear fusion research [ 6 1. For many years. Hartree-Fock level of theory.
the lowenng of the work function due to alkali-metal The model systems arm taken as cylindrical "plugs"
adsorption has been explained by way of a mecha- from Be wafers having surfaces corresponding to the
nism involving charge transfer from adsorbate to (0001 ) hcp metal face [13 ]. The cylinder chosen for
substrate [7 1. Recently. however, a more covalent this study contains 45 atoms and seven layers and
interaction between the two has been proposed ( 8.9 ]. has'a radius which includes a one-unit cell step along

In this work. the effects of cesium. hydrogen and the a-direction. Be-Be internuclear distances are
oxygen adsorption on the work function of beryllium equal to those in the bulk hcp metal (a=2.29 A.
are investigated using a 45-atom cluster to model the c= 3.58 A) [ 14 ]. This cylinder has D3h point-group
Be (0001 ) surface. The use of clusters as models for symmetry. and the adsorption of cesium and oxy-
surfaces is common 10, 11 1. Beryllium was chosen gen/hydrogen, one on the top surface and one on the
as the metal substrate for several reasons. First. Be bottom surface is modeled such that the threefold
has a closed-shell grcund electronic state and is the symmetry and horizontal mirror plane are pre-

served. In the case where only one type of adsorbate

Permanent address: Department of Chemasiry and Chemical is involved, the Be-adsorbate internuclear distances
Engineenng. Stevens Institute of Technology. Hobohen. NJ have been optimized in self-consistent-field (SCF)
01030. USA calculations. The 45-atom cylinder-plus-adsorbates
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Be-adsorbate and adsorbate-adsorbate internuclear
-Beg separations correspond to van der Wails; radii. Re-

sults for these systems are compared to those ob-
tained by treating identical bare Be cylinders which
have been cesliated.

Calculatiow s ua a Cray Y.MP su-
percomputer Uft an the "equal-

seec contributioninerl

Boo ~open-shell I, I.. ahcre
spondinig to Auw.umuueclr
orbital (MO) oAflgnrasioli. welttoaried out on nu-
merous low-lying states of each cluster. (The average
energy of configuration is defined as the weighted
mean of tie energies of all the multiplets for the con-
figuration [ 161].) The calculations for the largest
clusters consumed about one hour of Cray Y-MP time
for each geometric orientation. The following basis
sets of contracted Gaussian-type functions were used
for beryllium cesium. oxygen and hydrogen. respec-
tively: (3s2p)/[ 2s IpjI [ 17J, (5s5p) / [3s2p ] 118 ].
(4s4p)/12s2p] 1191 and (4slp)/l2slpj 1201. Ab

Fit. 1. 3esX*. X Ca. OCL HCS. initio effective potentials (EP) 1211 were used to
represent the Is core electrons in Be [ 171 andO ([191
and the I s-4s. 2p-4p. and 3d-4d core electrons in

is sbowa in fig. 1. Results obtained using these sys- Cs (18 1. Relativistic effects. especially important in
teiA ane compared to those calculated by treaung an Cs, were incorporated into the EPs 1211.
kkab bdmt are Be cylinder. For case where two types Binding energies (BE) calculated relative to the

Sof iielfttes are involved (GC.. Be,O,0CS2 and completely dissociated clusters are given in table 1.
SBeolHrAb), no geometry optimization was per- (Valence SCF energies for atomic Be. Be*~. Cs. Cs.
forned due to the computational expense. Instead. 0. Hand H- are -0.95083. -0.65457. - 19.84225.

Table I
Resunaift Hariree-Fock energies of Be., and Be41X2 clusters

Cluster Occupied MOs BE Adsorption energ
(kcal/nio!) kcalI mol atom I

a; a, ay e e a;

Be. 2 7 7 6 2 1120.00
(Be.,V 8 2 7 7 6 2 1203.66
Be..Cs. 10 2 9 9 7 21131.02 5i
[ Be.C ,1' 10 Z9 9 7 2 1266.52
Be..Ocs'b-d 12 2 11 9 8 2 1378.68 123.83'
I Be.OCs7l2 1i2 2 10 9 8 2 1520.99
(Be-1H 2CsZ 1 10 2 9 9 7 1272.94 70.96
IlBe.H 2 Cs02 j 10 2 9 9 2 1397.62

Underline denoes, orbital fromt which the electron was removed. "State corresponds to the weighted average of configuration.
cOpen-shell state: (e 1'4 Open-shell state: (a, )'(a")'
-Adsorption energy of 0on Cs-coated Be,,. " Adsorption energy of H on Cs-coated Be..
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- 19.72876. - 15.64121. -0.49928 and -0,44915 figuration. Therefore. cesium is predicted to adsorb
hanree. respectively, for the basis amt used in this weakly on Be43 (i.e. at a hole site on the Be (000I1)
study.) The totld adsorption energies given in table surface) at the SCF level of theory. Table 2 contains
I for the cestamed dusnter was calculated relative to calculated values for the ionization potentials of Be4..
the SCF energies of the naked cluster plus that of two as well as values for the shift in ionization potential
adsorbate atom~s. For Be4tOCs2 said De.5H2CS2, (AO) resulting from Cs. Hand/or 0adsorption. Ex-
energies are relative to H and 0 adsorbed on Be..,Cs2. perimentally deteritned vshmmiih.t work func-

Theoretical work fuinction are given in table 2. The tions due to Cs adsorption osi -Iim also in-
first values in each row were calculated as the dif- cluded J 41. Results indisatta C V in
ference between the sota valence SCF energy of a the ionization potential if the fl Cs and
neutral cluster and that of the ion pflnerated by re- H adsorption. The expgrinm*t -findinsis a2.3 eV
moving one electron from the MigOM occupied or- lowering in the work function of Be metal due to ad-
bital of that cluster. The values immediately follow- sorption of Cs.
in% are due to Koopuns' theorem and correspond it is the surface layer of Be., which is predomi-
to the negative of the energy of the molecular orbital natatly involved in ionization. This layer (BeG in fig.
(MO) from which the electron was ionized. I ) contributes 0.3 electron to the process (table 3).

msomnic net electron-charge values ame given in ta- with Cs contributing 0.4 electron. The greatest change
ble 3 as calculated using a Mulliken population anal- contributed by the inner layers is 0.2 electron (BeH
ysis (22 1. Value of R appearing in these tables cor- in fig. I ). However. comparison of the net charge
respond to optimum atom-to-sufc disances. These differences between Be45Cs2 and Be45 indicates that
distances were calculated from a curv fitted to SCF the group of atoms most affected by Cs adsorption
energies for at least three surface-adorbate sepa- are on the surface of the cluster ( BeG. fig. I ). Cs ad-
rations corresponding to the lowest-lying electron sorption shifts the electron contributions of this layer
configuration. by about 0.2 eV.

The total adsorption ener, for QCqjase Be4 s ap- Combined oxygenation and cesiation of Be4, re-
pears in table I as 5.5 kcal .nol atom. As previously sult in a greater work function lowering than does
mentionedl. thfis-amrgy was calculited -rlative to the cesiation alone. Oxygenation of the cesiated cluster
total SCF ems i ss of the naked cluilir plus that of further lowers the ionization potential by 0.3 eV for
the two adiorbuls atoms in their ground states. and a total ionization potential lowering of 2.5 eV rela-
the value corresponds to an average energy of con- tive to bare Be45 (table 2). 0 adsorbs strongly on

cesiated Be,s. the adsorption energy being 123.8 kcal /
Table 2 mol atom (table I ). Net charge differences for
%kork functions oflb., an Be.,X, ciusten Be. 5O2Cs, (table 3) indicate that cesium contrib-

Cluster 0 (eVl utes significantly to the ionization process. In fact.
cesium is donating 1 .0 electron to the process. while

Be.. 4.62.443 the role of the surface lavers is substantially reduced
BC.Ocs. 2.412.9 relative to cesiated Be4.. The BeG and BeF group of
Be..HC s, 2.95. 2.67 atoms on the surface of Be4 ,Cs, have a charge of 0.30.
Be I expt ) 3.92 while the charge on the same layer in Be.,0.Cs, is
BeCs i expt. 1' 1,6 -0.06.
_101rBe.. -Be.'cs? 1 2.21. "'24 Hydrogenation and cesiation of Be,,. on the other

i~l~eCsBea, ,Csl 003 hand. result in a rise of about 0.5 eV in the ioniza-
.10( Be..Cs - Be..H ?Cs-1 -0,54. -048
-10( of - BeCs I expl, 3 tion potential of Be.,Cs, ( table 2 ). Since cesiatiori

of Be., lowers the ionization potential of the cluster
W here two values appear. these are Koopmans' theorem and by 2.2 eV. there is still a total lowering of 1.7 eV ini
*, SC F 'alues. respectiveiN h oiainptnilofB 4 HCrltv obr
Ref 141teinzto otnilo e,,srltv obr
Values correspond to a work function lowering. Be,,. The adsorption energy of H on cesiated Be,, is
Values correspond to a work function Increase. 7()(.( kcal i mot atom I table I ) Therefore. H ad-
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Table 3
Atomic POPUlions Of Be.,. Be.,Csj. Be4,QzCs2 and Be41i12Cs2

Cluster Z-coord. Atom No. Cluster (ClusterlI Total
label atoms WI net charge net charge net charge difference

Ekjper atom per atom (I cluster I-clustern

Bc,0 3.0 1 1.01 1.00 ".0.01
c12 BeA 6 0.420.-t..I
c/2 BeC 6 -0.20 -0. 9.3
0 9.3 6 -0.33 -0.31
C BCHl 12 -0.19 -. 7 ~ 2

CBeD 2 1.36 1.34 '*40
30/2 BeF 6 -0.14 -0.14 0.00
3c/2 9.0 6 0.01 0.09 0.41

8e4,Csj 0 3.0 1 0.97 0.97 0.00
0/2 BeA 6 0.46 0.45 -0.06
C/2 BeC 6 -0.19 -0.17 0.12
0 BeB 6 -0.37 -0.34 0.18

C BH 12 -0.23 -0.21 0.24
c BeD 2 1.22 1.21 -0.0?
30/2 BeF 6 -0.06 -0.09 -0.18
302 BeG 6 -0.05 0.00 0.30

' CS2 0.29 0.51 0.44

9.4 5OCS2 0 3.0 1 1.01 1.02 0.01
c/2 BeA 6 0.41 0.48 0.00
012 Dec 6 -0.19 -0.19 0.06
0 Ben 6 -0.36 -0.35 0.06
c Bell 12 -0.22 -0.21 0.12
C BeD 2 1.15 1.14 -0.02
30/2 BeF 6 0.18 0.16 -0.12
k/12 BeG 6 -0.02 -0.03 -0.06

tso0 2 -0.93 -1.00 -0.04
Cs 20.34 0.86 1.04

Be..,llCs, 0 B.0 1 0.93 0.94 0 01
c12 BeA 6 0.46 0.45 -0.07
c12 B.C 6 -0.15 -0.12 0.13
0 9.9 6 -0.38 - 0.36 0.17

CBeH 12 -0.19 -0.18 0.20
c BeD 2 0.14 0.13 -0.04
302 BeF 6 -0.08 -0.11 -0.07
3c/2' Bec- 6 -0.04 0.02 0.38
R ' H 2 -0.11 -0.12 -0.02

R10Cs 2 0.23 0.44 0.42

c-3.51 A WINo. of svmmetry equivalent atoms. " R =3.70 A for 3e plane to Cs distance. (Be to Cs distance is 3.93 A.)
R= 1.50A forBe Piane to~distance. (Beto~dttance ts2.Ok) - R =3.1 A for to Cs distance.
R-0.86 A for Be Plane to H distance. (Beto H distance is 1.58A.) "' R =2.2 A for H to Cs distance.

sorbs more than twice as strongly on cesiated Be., on cesiated Be,,, with the greatest change occurrng
than on bare Be4,. Net charge differences appearing for the BeG group of atoms on the surface (0.30
in table 3 indicate that hydrogenation of Be45Cs, hias electron versus 0.38 for Be. 5Cs, versus Be4,H,Cs.
little effect on the ionization process. The net charges respectively)I.
on hydrogenated Be., are nearly the same as those Net-charge per atom values shown in table 3 for
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each Cs of neutral Be 5sCs2 (Be45O 2Cs2 ) indicate that 12) LW. Swanson and R.W. Strayer. J. Chem. Phys. 48 (1968)

the interaction between these atoms and the naked 2421.
(oxygenated) surface is more covalent n nature. with [3) R.E. Weber tand W.T. Peria. Surface Sci. 14 (1969) 13.

14 G.S. Tompa. M. Seidl. W.C. Ermiler and W.E. Cart. Surface
the charge polarized inward toward the surfce. This sci. 185 (1987) L453.
is in agreement with previous theoretical [8] and re- 151 M. Kiskinova. G. Rantelov and L Surcv. Surface Sci. 172
cent experimental (9) data for alkali adsorption on (1986) 57.

metal surfaces. This polarization is more pro- 61M. SeidiandA. Pua.rm . Pbw So . I.
nounced for the interaction of Cs with the oxygen- [8 1 E. Wimmer. AJ. Freelan. JJo U W *Am, Phy5

ated surface. The same phenomenon prevails for the Rev. B 28 (1933) 3074. -
charged systems. However, in these cases it is more 19) D.M. Rife, G.K. Wetlamm andM i i' ,ylf s. Rev.
pronounced. especially for the oxygenated surface, LeCers 64 (1989) 574.

where the net charge per atom value of 0.9 indicates I 10 l1. Panas. P. Seibahn and U. Wahgrem. in: ACS Symp. Ser.
394. The challenge of d and f electrons. theory and

an ionic interaction between the Cs and the oxygen- conputauons. ed. D.R. Salahub and M.C. Zerner I Am.

ated surface. As expected, the oxygen atoms on both Chem. Soc., Washington. 1989):
the neutral and charged species are highly electro- W. Ravenek and F.M.M. Geurs. J. Chem. Phys. 84 (19861

negative. The smallest dipole between the cesium at- 1613.

oms and the surface of both the neutral and ionized 11) G. Angonoa. J. Koutecky. A.N. Ermoshkin and C. Pisani.

Surface Sci. 138 (1984) 51:
system exists for the hydrogenated surface. although P.S. Bagus. H.F. Schaefer III and C.W. Bauschlhcher Jr.. J.
the difference is quite small. It is noteworthy that the Chem. Phys. 78 (1983) 1390.
dipole interaction between Cs and the surface is (121 M.M. Manno and W.C. Ermiler. unpublished results.

greatest for the system having the lowest work func- 113) M.M. Manno. W.C. Emnler. G.S. Tompa and M. Seidl.

tion. namely the Be, 5O 2 surface. and smallest for the Surface Sct. 208 (1989) 189.
1141 R.G. Wyckoff. Crystal structures. 2nd Ed. (Intetmcence.

system having the highes work function. i.e. the hy- New York. 1974).
drogenated Be,$ surface. (151 R.M. Pttzer J. Chem. Phys. 53 ( t9731 31tt. and pnvate
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Imaging of Colloidal Gol on Graphie by Scanning Tuneling Microscopy: Isolated
Particles, Aggreagates, and Ordered Arrays

J. F. Wanedimrf," W. C. Emulr,*

Department of Chemistry and Chemical Engineering and Department of Physics and Engineering PhYsics.
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aw C. J. Siadroff",
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Gold colloidal suspensions have been deposited onto highly oriented pyrrolitic graphite and analyzed by using a scanning
tunneling microscope (STM). The size distibution of individual particles measured with the STM (16 * 1.5 nm) agreed
well with measurements made by transmission electron microscopy, STM images of colloidal aggregates containing up to
I5 individual particles could be obtained under a wide variety of experimental conditions. The quality of these images was
extremely sensitive to the type of aggregating agent used, with ionic salts giving better results than molecular species. Under
our colloidal deposition conditions we often observed highly ordered hexagonal patterns with a periodicity of 75-I50 nm.
extending over areas as large as IS0 X 1S0 nm2. Preliminary evidence suggests that this hexagonal lattice is associated with
the graphite substrate itself, and not with an ordered, two-dimensional array of colloidal particles.

Perhaps the most significant advantage of the scanning tun- Metallic clusters adsorbed on graphite have had a special appeal
neling microscope (STM) over other surface science tools is its for STM workers- bemzuse they are easly produced. are relatively
ability to scan large areas of a surface and to probe local, non- robust. and are readily differentiated from the graphite substrate
periodic structures with atomic scale resolution. This feature is through their tunneling characteristics.
of great utility in searching for adsorbed chemical species ranging Encouraged by the STM results on small metal clusters, we
from molecules' to metallic and semiconductor clusters.2- began to explore the properties of larger metallic systems-

colloidal particles--deposited on the surface of highly ordered
pyrolytic graphite (HOPG). In principle. many important features

(1) Hallmark. V. Wt Chiang. S.: Raboft. J. F; Swalen. J. D.: Wilson. R, of colloids could be understood by exploiting the atomic resolution
J Phi's. Rev. Lett. 1967. 59. 2879.

1 Abraham. D W: Savvier. K.; Ganz. E.: Niamin. H. J . Thomson, R achievable with the STM. For example. local variation of the
E.. Clarke. J J. Appi. Phi's. Lett. M96. 49. 853 electrical double layer surrounding colloidal particles, and the

(3) Ganz. E.: K. Sattler. K.; Ctarke. J. J. Vac. Sa. Techrdf 198. A6. 419 geometry of adsorbed molecular species on oolloidal surfaces, are
(4) Saro. A, Wi Bartolome. A.: Vazquez. L.; Garcia. N. Reifenberger.

R.. Choi. E. Andres. R P Appl. Phirs. Lett. 1937 51. 1594
(5) Sand. D. Hensoq. T_. Bell. L S.. Smndroff. C J JVac. Sci Techm., 161 Jtnp. T W: Onig. N P: Sandraff. C T AppL Phrs. Lett 19M2. M3.

1M.2 46. 426 ''14
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the presence of conductive metallic particles strongly adsorbed
on the HOPG substrate.

To confirm that these images were of gold colloids and not
random adsorbed impurities or graphite artifaces. we measured

ISO"  the dimensions of the particles in the xv direction (parallel to the
graphite substrate) with the STM. This measurement gave an
average particle diameter of -- 16 * 1.5 nm. Considering that
tip-cluster interactions can change the apparent size of measured
features.4 this diameter is excellent agreement with the 14.5-nm
colloid diameter measured by TEM in this and in previous work'

Though x v scans with the STM accurately reflected gold
particle diameters, we found im I g mode was not

0quantitatively reliable. Giencrat. ~p epartice heights
in the z direction varying between , 2.0 am. a dimension
corsiderable smaller thn the 15-mi diameter. We
believe that the contracted dirmensif l direction is a result
of operating the microacope in the height mode rather

Me than a flattening of the gol oiloid ptip, on the graphite surface.
o s me Hence dimensions measured by tunneling are more reliable in the
FiRe I. STM image of iolted colloidal gl particles on a HOPG xy than in the z direction, and we conclude that the STM can
surface. The avege size of the cmllous is 15 mm. The spky noise in be used as a reliable and semiquantitative tool for measuring the
the image is believed to come from salts which precipitate on the graphite shape and dimensions of colloidal metallic particles deposited on
surfacc during the deposition of the colloids. conducting substrates.

After our initial characterization of single, isolated colloidal
particularly relevant in the science and technology of dispersed particles with the STM. we began to explore the properties of
systems. colloidal aggregates. The particles were aggregated by adding

In this Letter we report some initial STM results from colloidal 1-3 drops of I M NaCI or I M NaCIO, to 5 cm3 of the colloidal
gold deposited onto HOPG. For a number uf reasons. the gold suspension. After the addition of the salt solutions, the wine-red
system is an ideal starting point for determining the utility of the Au suspension turned blue. indicating that the small aggregates
STM in colloid science. Not only do simple chemical syntheses of gold were beginning to form.7 At this stage several drops of
produce small panicles with a narrow size distribution.7 but both the suspension were deposited onto a freshly cleaved HOPG
the aggregation behavior and surface chemisry of the gold substrate and evacuated to dryness. The water was removed at
particles have been explored in considerable detail.' a reduced pressure of 10"' Torr without allowing the sol to solidify

Our aqueous gold colloids were prered through the chemical and sublime. As described earlier, we modified the graphite
reduction of sodium tetrachloraurate using trisodium citrate surface with I -propanol and deposited the aggregates both at
according to a modified synthesis8 first reported by Hillier et al.' ambient temperatures and at I 10 OC. Elevated temperatures did
This recipe results in the formation of stable gold particles with not change the structure or distribution of aggregates but did speed
a mean diameter of-( 15 nm. Theme colloidal suspensions remain up the removal of solvent and propanol.
dispersed for many months. presumably stabilized by citrate ions Figure 2 shows typical STM and TEM images of colloidal gold
strongly chemiso ed to the colloid surface. aggregates flocculated under these conditions. Samples for TEM

Becausi the aqueous gold suspension does not wet the graphite. analysis were obtained by depositing the colloids on carbon-coated
we found it necessary to modify the HOPG surface in order to copper grids. The STM images of the flocculated colloid are very
obtain a sample surface which was uniformly coated with isolated. similar to the appearance of the aggregates by TEM: the indi-
unaggregated colloidal particles. This modification was achieved vidual particles appear to be physically touching but rarely fused
by placing a small drop of I-propnol on the graphite surface prior together. As with the isolated particles the aggregates were stable
to depositing the gold sol. We found that surfaces treated with for periods of several hours, and they could be imaged under a
the alcohol could be partially dried under vacuum with no apparent wide vanety of bias conditions with little effect on their appearance.
loss in wetting efficiency. One of the most important issues in colloid science concerns

All of our tunneling images were obtained with an STM op- the nature of the electric double layer which provides the repulsive
erating in air at room temperature." To isolate the system from Coulombic barrier that keeps the particles in suspension. We
low-frequency vibrations, the sample head was placed on a 50-kg hoped to use the STM to study the local character of the double
anvil suspended by rubber cords stretched to approximately twice layer by aggregating the colloids with different flocculating agents.
their equilibnum length. We used PI/Ir STM tips. and operated For example. ionic salts are known to induce aggregation by
the microscope at biases of -500 mV to +500 mV and tunneling causing the collapse of the diffuse double layer surrounding each
currents of - I nA in the constant height mode. To ensure that colloidal panicle. while molecular adsorbates are thought to cause
the STM was operating optimally, we would first scan the graphite aggregation by displacing more weakly bound charged species from
surface under conditions which allowed us to resolve atomic the colloid surface. These different agents should produce colloidal
features on the graphite surface. We would then scan over the surfaces with significantly different electrical and molecular
surface in search of gold particles, characteristics.

Figure I displays the typical appearance of a colloid-covered Though flocculating with ionic salts produced aggregates with
HOPG surface scanned by the STM under these conditions. The excellent tunneling characteristics, we were not as successful with
scan reveals a high density of particles on a flat HOPG back- the molecular flocculating agent, tetrathiafulvalene (TTF) '2 In
ground The stability and brightness of the STM images indicate ract xse never obtained stable STM images from colloids floccu-lated with TTF. even though TEM micrographs show that these

') Hillier. J . Turkevitch. J.; Stevensm. P C. Tram. Faradaiy Soc. I11. aggregates are identical with those aggregated with salt. We
speculate that adsorbed TTF forms an insulating barrier around

R Weit. D A. Lin. M Y. Sandroff. C. J Surf Sc 19 5. 1 8. 14' the colloid surface that prevents tunneling from occumng. Thus.
The concentration of sodium citrate used in the svnthesis of ihe old colloids
is incorrect in this reference It should be 10"- M not I -

to obtain the best STM images of flcculated colloids it seems
tQ) Creilhton. J A . Blatchiord. C G. Albrecht. M G J Chem Soc. necessary to aggregate with ionic agents which screen the Cou-

roradav T'aw : 19'9 '5. 'Qfl
0 1 S: ndrol f. C J . Hersch lach. D R La)ntmuir 19 5.
. a noscoDe ii D iitai Instrum ents, Inc . 6- 0 Cortona .)ivr. santa , D£ eci ma H 4 ,, ,u r, 4 I T T-m n R I" 3
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Sire- 3. STM image of anomalous long-range order on graphite The
periodicitv of the hexagonal arrav wkas 7 5 rim and it extended over ar
aIrea oi - I i0 x i 5U nit- I ne arra'-s were aiwavs oDSereCC nCa'
terrace like the one seen in the lower part of the figure

Isize. much more uniform than isolated Darticles appear whnen
see b* iterTEM or STM Also the particles in thec lattice co

ntConduct as much current as isolated gold particles co under
identical experimental conditions. F inalik. images quatitai-~ciN
similar to those in Figure 3 were obtained alter the deposition
of colloidal dispersions which were not treated with ion-exchangze
resin. Lnder these circumstances the ionic strength of the sot is
high. and the long-ranged Coulombic forces necessar- to induce
two-dimensional crystallization should not be present.

We speculate that this highly regular lattice is associated with
the graphite substrate itself Indeed similar images nase Deer,
obtained from graphite suriaces alter the deposition oi organil-
salts from solutions which contained no dispersed particles
Moreover. verv recent studies of graphite surfaces b% STM have
appeared, and almost identical images were obtaineo whtere no
deliberate adsorption of material occurred " Ivuwaoara et a.:
argue that the anomalous lone-range order seen on graphite can

20 nmbe attributed to Moiri interference between two stiiut rniso-

Figure 2 STM and TEM images of colloidal fold aggregates a. tor -ented las.ers ot graphite HoCesr :t is possible Ml: ssr
',TM image on graphite: (b. bottom) TEM image on carbon-oae mechianisms, are operating simnuitaneousis to give rise to e
topper grid The colloid sizes were iound to be - I 1 rim bv both tech- long-range order on graphite Indeed. prelnimitr computer

"UUCI lmui'tiions snow4 trial anomaious Wnki-ranwe order can aevelom-

omrbic interaction between pttrticles wi1thout hindering the tun- Ahen ara t l~ ikaupD.tetpsic ars h rri~

-'n ieIn conciusion. wAe nase shown th;at the STM car, ec use-c %4in
Vt hue exploring the properties oi colloidal aggregates w4e otter -ome contidenice n inch stud'- oi the Prooertics o! meta, oiioics

-'olicen inai the STM images contained sharp spikeS Believingp The ptivsicai dimensions of colloida: pairticles can De measured
nest- Aere due to the presence ot codeposited salts, we treated w~ith reasonable accurac% in Inc piane ot the substrate. an i a-er

:nt- Jegreeated suspensions wkith ion-exchange resin 'to reduce iggregates can oe readilv images so toing as cictncai insutatinc
he oncntrtih otion insottio Fiure dislas a e oiccries are not adsorbed or the coiloic surra~c I , ader Soh

-- 't ri T\ image oritaineda ater inic ,ggregated coitos were nditiotns i is, riosioie to obsen-e hphi% ordered hexaeona. tia-
reacdwih ion-exchange resin T~i's image consists 01 rough's -n rairitte surma:es \1thourn the orien o! this arna' !, no: wec
itnms which have assumed a ", his ordered hexaeonai arrms ;n'to 1Xtj we Deitese ! rhejn0Menjon asoCjtle tvih n,
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A model for the scanning tunnehng microscope (STM) experiment is presented which explicitly treats the STM tip as a
polyatomc crstalline surface. The net tunneling current is the sum of all tunneling occurrences from each tip atom to every substrate
atom. With the aid of computer simulations, the atonuc resolution of an hexagonally close-packed substrate with a nearest neighbor
distance of 0.245 nm is reproduced using an hexagonUy close-packed tip with a nearest neighbor distance of 0.277 rn. The resulung
penodicity of the image is independent of up size. The recent observauons of anomalous long range penodicity is explauned by
employing the model in a simulation of a 2.7 nm super lattice.

Since its introduction (1.21. scanning tunneling with STM images, does not predict the long range
microscopy (STM) has found immediate accep- periodic structures that are often observed [3-5].
tance as a powerful tool for surface analysis. Cur- We propose a new interpretation of the STM
rent and future applications of this technology is experiment for tunnelinp to an ordered surface
highly dependent on our understanding of the such as highly oriented pyrolytic graphite (HOPG)
measurement technique. This Letter presents a from a metal tip having a close-packed structure.
new model for describing the STM experiment The proposed mechanism is predicated on the
based on mutual scanning between the tip and following STM experimental model. Firstly. that
surface. This model of the STM experiment is microscopically, a pure metal tip is crystalline
shown to reproduce atomic resolution of ordered with the (111) surface dominating in many cases.
surfaces. as well as provide a general explanation Secondly. that it is possible that tunneling can
of anomalous long range periodicity that has been occur from every tip atom to every surface atom.
recently observed 13-51. The net tunneling current is initially assumed to

As a first approximation, it is generally be- be a simple summation of all individual tunneling
it-ved 161 that the STM current image results from occurrences which are assumed to be independent
an electron of a lone tip atom tunneling to a single and behave according to the Tersoff and Hamann
surface atom when an external bias potential of equations [7-9]. Finally, defects and step edges
appropriate sign is applied. The exponential de- that posses lower barrier heights than their corre-
pendence of tunneling current on both interatomic sponding bulk surfaces will appear as adatoms
distance and barmer height of the tunneling elec- and contribute uniquely to the resulting image.
tron selects for a single dominant tunneling path- The modeling of a sharp metal tip as an ordered
way. This results in the ability to map out the crystal surface is a logical assumption based on
electron orbital charge density of the surface as a the following developments. lijima et al. [101 have
function of tunneling current when a tip is scanned observed large metal clusters containing over 1000
parallel to the surface. This mechanism, although atoms which maintain single crystal structure with
it correctly explains many phenomena associated a tendency to maximize the (111) surface area
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under TEM experimental conditions (1.3 x 105 This can be exemplified using the following
electrons per ingsstrm per second). Clusters of as gedanken experiment. Consider two coplaner in-
few as 500 atoms experienced frequent rearrange- finite lattices that are superimposed on each other
ment to new single crystal structures. This work with one lattice translated with respect to the
suggests that even under highly energetic condi- other in the lattice plane. An observer could then
tions large close-packed metal clusters are crystal- record, at some finite interval in the plane, a
line. This work has been confirmed by Maim et al. unique set of imagin for each of the configurations
[11]. Trevor et al. [121 observed that metal surfaces as one lattice is traulatoi a m& correspond-
which have underon electroecal oxidation/ ing to the period of the ja spacing.
reduction similar to some STM tip preparations Due to the translatioW *o of the two
tend to minimize defects, holes, and step edges lattices, each subeMqunt ac bqes would be
preferring to maximize crystal plane areas. Per- identical to the i,1 set In at. sice the direc-
haps the most compelling evidence for a planer tip tion of the translation is arbitrary, only the first
comes from work done by Colton et al. [131. This half of the images of the initial set will be unique.
group showed that graphite pencil lead or graphite Consider next the STM experiment. It is known
coated tungsten could be used as an STM tip to that as a crystal surface of a tip is scanned across
reproducibly image HOPG with atomic resolution. a crystal surface of a substrate. the periodicity
Finally. the STM experiment itself has failed to corresponding to the smaller atomic periodicity
show that pure metal surfaces contain stable (substrate or tip) will be imaged. Furthermore. it
adatoms under STM experimental conditions. This is known that HOPG contains two inequivalent
conclusion is based on the lack of published data carbon sites [14) resulting in the STM image
supporting the presence of adatoms on pure metal dominated by the tunneling contribution of one of
surfaces under STM conditions. It is therefore these atoms. Fig. 1 reports the results of a series of
logical that the tip be treated on the same footing two dimensional simulations where a multi-atom
as any other close-packed metal. In fact. the dis- tip (with the nearest neighbor distance 0.277 nam
tinction between tip and substrate is purely con- corresponding to platinum) has scanned a 25 atom
figuratuomal having no special significance when substrate (with nearest neighbor distance of 0.245
consideing the relative motion and interactions am corresponding to the beta-beta carbon dis-
between the two surfaces. tances in HOPG). Within the constraints of the

,The net tunneling current from the (111) surface independent multiple tunneling assumption. de-
oU a metal tip to a coplaner (111) surface of a scribed above, it is evident that multiple atom ups
metal substrate is given by do not necessarily yield multiple images. It is clear
Io, , ,). (1) from these two dimensional cross sections that the

multi-atom tip, with a larger interatomic distance.

correctly reproduces the simulated current unage
I,1 0. j) - A exp -a[(x, - X1k) + (Y,, -Y )Y of HOPG. The simulation was simplified using a

straight forward reduction of variables 1161 and
+ - : )21/, (2) performed in a constant height mode in keeping

with recent experimental observations (5). Fig. 1
where eq. (1) is a simple summation over all shows that neither the atomic periodicity nor the
tip/ surface tunneling currents and (2) is Tersoff corrugation amphtitde is effected by tip size.
and Hansma's familiar result [7,9). As the tip is If the surface, with the smallest atomic spacing.
moved to a new position this current vanes. Since contains a defect which results in a lower barrier
both surfaces, which ca intuallv be considered height than that of the bulk surface (151, a long
infinitely extended in parallel planes. inherently range hexagonally close-packed image with a peri-
posses translational symmetry in both the x and Y odicitv much larger than the substrate is observed.
directions, the net current is periodic having a This results from the surface-to-defect tunneling
period related to the smaller atomic spacings. path of the large atomically spaced surface to the
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contributes significantly to the net current image. will be oriented at an angle q~ (0 < i < 300*) rela-
Thus. the resulting STM image is the superpostnon tive to the xy-plane of the surface. The intensity of
of both the uip and substrate images. Fig. 2 ex- the resulting image vanies as a function of the
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Fag.~. [Am$ ;16 WNAdtY Wamjma b, the o*aPaMU,of a (111) fcc surface with a nearest neighbor distance of 0.271 nm
wich is Cgr& and r -at- bV w -00 with respect to an hexagonal lattice with a nearest neighbor distance of 0.245 nm. The
imiage as 3A by;58 am. and ciaarlv shows a iongi range penodcuiv of approximateiv 2.87 nm. iThe apparent compression of the

hotagoai structure in the unape is due to the paptucal output device and is not a feature of the data.)

phase of the two images. which is a function of significantly different ionization potentials in
their atomic surface penodicities as well as the comnparison to the defect free graphite. they should
angle 17 between them. logically constitute low barrier height defects.

Long range periodic structures on graphite have Hence. what appears in some STM images to be
been previously reported J3.41. In many cases. long range periodicity can be produced by point
these structures have been observed to be associ- defects located at basal plane step edges.
ated with graphite defects 13-51. In our experience Although we have chosen to investigate the
they usually can be associated with basal plane special case of a coplanar tip and substrate. we do
step edges (5]. The carbon atoms lying at step not wish to imply that this is representative of the
edges are unique with respect to bulk graphite STM experiment in general. Clearly the effects of
carbon atoms due to their unfilled (open-shell) non-coplananiv need to be investigated in a more
atomiuc orbital. If those step edge atoms have thorough study. However. the reader is reminded
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that the anomalous long range corrugptions such Ref ereunces
as those reporte to be assoesat with HOPG (1 G. Btng H. Rorr Ch. Gerber and E. Weibel. Phvs.
13.5] ame also spieal canl iUsU whh ame not Rei. Lett. 49 (1982)57.
representative of the typical X apbl1 surface Fur- 1 2) G. Bin-w. H. Rohste. Ch. Gerber and E- Weibel. Appl.
thermore. the rekticve coniion that the STM Pitys. LMLi 40 (1982) 178.
tip contain a kWp planar surface can be lessened (31 M. Kuwabara. DL Clarke and D.A. Smith. Appi. Ph'.s.

by rcgnizing *ha Mh uap havi been shown to [1AWLy~g 6 .(1h0) 2M. aa.R

adsorb large HOPO flaks 1171 whchae inber- BrockabreqlL LLIlqv J. Vac. Sc.
ently planar. enoIA6(9)3

We do not digee that amny SM expert. [51 iF. Wcumeddof. *C.
inents can be odeed by aasuninn .igeao
tip. This is reasnable since a asccall 161 RJ. Hansus. Am Pmv. PbVLVs 0391531.

[71 1 Terwoff and D.LJUamuc 9bpsA Lous 50 (1983)
crystalline up will have efges andcomern andat is 1"
unlikely that the subetrate will be oaplane with a (9) J. Tersoff and DLR Hamann. Pbvs. Rev. B. 31 (1915) 805
crystal face of the tip. Howeiver, viae most tip 191 N.D. LAD&. Pby. Rev. B. 34 (19861 5947
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ware, mof~ xaple) and upn iia culatiflowm and S. Olsaisis (Sprisier, Berlin. 1987) p. 186,wire forexanle) nd uon iiW crmt low 1113.0. Maim and J3-0 Dovin. Surf. Sci. 200 (1988167
there exists sufficient energy, posibl due to resis- 1 121 DJ. Te-i. C.ED. Chisiv and D.N. Loiacono. Phs
tive heating. for the tip to anneal to its lowest Rev. Lem. 62 (1919929.
energy interatomic orientation. It is still unclear if [13) P.J. Coltma &M. Baker. RJ. Driscoll. M.G. Younpqwst.
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be produced. However, we hav shown that a 0191) 423.
multi-atom crystal lontin M'l tip ca expai 116) The reduction of varsables was accomplished as follows

both atonuc penodhaty and the anonialou lon The distance term in the exponent was expressed in Carte-
stian coordinates. Since the simulation was performed in

range order ohm obeerved on grapblte. constanit height mode. the constants in the exponential
1 ~(height. work furiction. etc -Iwere grouped together and

This I P1 is supported in part through the set arbitrarily equal to one as was the pre-exponential
Air force Offic of Scientific Research and by the factor. This simplificain was employed since the lo%%
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ABSTRA~CT

Geometries and electronic states of the cesium suboxide

cluster Cs1 103 are investigated using ab initio Hartree-Fock

clculations. Relativistic effective core potentials are

employed to represent core electrons in the atoms while

Gaussian-type orbital basis sets are used to describe the

valence electrons. Interatomic distances are optimized for

the ground electronic state. The workfunction of Cs1103 is

calculated as 0.65 eV, in excellent agreement with an

experimentally determined value of 0.7 Ev for bulk cesium

suboxide. Mulliken populations of negatively charged and

neutral Cs11O 3 clusters have been calculated and indicate that

upon ionization the emitted electron exits a molecular orbital

encompassing the outermost cesium layer of the cluster.

*permanent address of Walter C. Ermler



electron spectroscopy by do-excitation of metastable noble

gas atoms (NDS) to follow the continuous oxidation of cesium

films. 8 liii group applied UPS for a finite information

depth and NB for the properties of the outermost atomic

layer. The experixenl results show that of 02

cause the formation of a "nonoplanew of Cl 3 : b-,0

ions are incorporated below the surface, WUe t surface

itself consists solely of Cs atoms. The workfunction of

C8 1 1 0 3 is decreased in comparison to pure Cs metal. A theory

of the vorkfunction of cesium suboxide and a model of its

electronic structure was proposed by Burt and Heine 9 based

on Simon's studies of the crystallography of cesium

suboxide. 1 0 They determined that a substantial drop in

workfunction is to be expected in going from Cs to C83103

d":6b changes in boundary conditions on the conduction

The present work investigates a cesium suboxide cluster

C81103 using ab initio calculations. The geometry of the

cluster in low-lying electronic states is studied. The

workfunction of the cluster is calculated and Mulliken

populations are analyzed.

II. CALCULATIONS

The average relativistic effective potentials (AREP)
11

for oxygen were obtained from Pacios and Christiansen.12

They used a refined version of the Dirac-Fock based



relativistic effective core potential procedure of Lee,

Ermler and Pitzer13 to compute AREP's of Li through Ar. They

also reported small optimized Gaussian-type orbital (GTO)

basis sets for the valence electrons of Li through Ar. The

AREP and Gaussian-type basis set used for cesium were taken

from Ross et al.
14

2-electron core and 6-electron valence spaces for

oxygen and 46-electron core and 9-electron valence spaces

for cesium were chosen. In cesium, the five s-type and five

p-type GTO's are contracted to three s- and two p-type

functions, respectively.

In the RHF calculations, one- and two-electron mr=Bix

elements involving symmetry-adapted linear combinations of

GTO's were calculated using "equal contribution" integral

program of Pitzer and Hsu.15 The wavefunctions and energies

were calculated using a restricted-Hartree-Fock self-

consistent-field program.16

Geometry optimizations were performed beginning with

the crystal structure of Cs110310 using a one-dimensional

"breathing" model. The equilibrium geometry was then

obtainit t a plot of energy versus breathing radius. The

geometrparaneters associated with the minimum energy for

this curve were then used in RHF calculations to obtain the

corresponding energy.

Electronic state optimizations were performed for

anionic, neutral and cationic clusters and the corresponding

workfunctions were extracted.
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III. RESULTS

Table I shows the coordination numbers of the CsllO3

cluster. The structure of the CS11 03 cluster can be

described as being formed by layers of Cs and 0 atoms (see

Fig. 1). The upper layer consists 3 CsB atoms possessing a C3

rotation axis. The middle layer consists of 3 OA and 3 CsA

atoms. The lower layer is structurally similar to the upper

layer and spaced from the middle layer by the same distance

as the upper layer. The two CsC atoms are nested somewhat

closer to the middle layer than the upper and lower layers

and lie along the C3 axis.

The abovementioned AREP's and contracted GTO basis sets

lead to Hartree-Fock energies of -19.84218 and -15.64121

hartrees for the cesium and oxygen atoms, respectively 1
5

Table II shows the structural parameters of Cs1 103

obtained experimentally by Simon and Westerbeck.10 The

cluster geometry was optimized and the effectsd of geometric

changes on total energies are shown in Table III. The

geometric parameters associated with the minimum energy for

this cofrupond to a 7% expansion of the crystal structure

of Table 2.

Tables IV-VI show total valence energies of several

low-lying electronic states for anionic, neutral and

cationic clusters, respectively. All calculations correspond

to the average energy of molecular orbital configurations.
17
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We chose to treat such averaged spin states because the size

of the cluster (11 Cs, 3 0 and 117 valence electrons)

results in severe computational complexity. All electronic

state optimizations were performed at the 7% swelled

equilibrium geometry of Table III and the lowest states were

found for the negative, neutral and positive clusters. It is

noteworthy that the negatively charged cluster is found to

be the most stable.

Mulliken populations on each of the atoms in the ground

states of the negative, neutral and positive clusters are

listed on Table VII. By comparing the electron populations

on each type of atom in the negative and neutral clusters,

it is clearly seen that the ionized electron comes from the

outermost cesium layer.

The energies of the highest occupied molecular orbitals

(HOMO) and lowest unoccupied MO's (LUMO) are listed in Table

VIII. The energies of the HOMO's of all the clusters are

negative. However, the energies of the LUMO's for the

positive cluster are all negative, those for neutral cluster

being partially negative and partially positive, and those

for n cluster all positive. These indicate that both

positi-. ;neutral clusters are electron deficient and the

negative cluster is the most stable. This conclusion is

reinforced by comparing their total energies. The

workfunction of the cluster, obtained by subtracting the

total energy of the negative cluster from that of neutral

cluster, is 0.651 eV. This may be compared to the



corresponding value of 0.700 eV calculated using Koopmans'

theorem.18

IV. DISCUSSION

The Cs11O3 cluster model studied is shown in Fig. 1. It

has the layer symmetry of the bulk crystal and has four

unique atoms. The cluster has D3h point group symmetry and

represents a fragment of the bulk crystalline solid. The use

of the D3h point group symmetry and averaged relativistic

effective core potential to replace the core electrons for

Cs11O 3 led to substantial reductions of the numbers of two-

electron integrals that must be computed and processed for

each SCF calculation.

The contractions of the basis sets for cesium and

oxygen atoms leave the outermost (smallest exponent)

primitive functions uncontracted, making single contracted

functions of the innermost (largest exponent) primitives.

This permits the linear SCF-MO coefficient of the outer

function, having maximum amplitude in the interatomic

region,-* respond to the changes which occur upon cluster

format±46

The interatomic distances were initially determined

from the lattice constants of crystalline Cs11031 3 (see

Table II) and the geometry optimization was carried out

using a breathing model. The results appearing in Table 3

indicate that the total energy of the cluster reaches
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minimu at 7% expansion of the crystalline size and the

naked cluster is stable in the gas phase. The total energy

of the cluster is lower by 81.5 kcal/mole than that due to

the summation of the energies of the separated atoms.

The electronic state optimizations were carried out for

negative, neutral and positive clusters. The procedures are

similar to those following by Ermler et al. in their studies

of the properties of large Be clusters.19 The results

appearing in Table IV-VI show that the most stable

electronic state has an open shell configuration and that

the negative Cs11O 3
- cluster is the most stable. The

behavior of the lowest electronic state is similar to that

of Be63 19, and is indicative the onset of the bulk

characteristics, i.e., the presence of a partially filled

band in which spin couplings are not important energetically

and electrons are highly delocalized. This provides some

justification for carrying out electronic state

optimizations based on averaged energy of configuration

states for open shell cases.

T mnclusion that the most stable cluster is

nega da ed is supported by HOMO and LUMO analyses.

As 1"-16 VIII, the six LUMO's for the lowest-energy

configua ion of the positive cluster Cs1103+ are all

negative and the majority of the LUMO's for the neutral

cluster Cs11O 3 are negative, indicating that the positive

and neutral system are electron deficient for the low-lying

states. The singly charged anionic Cs11 O3 was then studied

67



in an attempt to satisfy this electron deficiency. The

results appearing in the Table VIII for CS1103 - show that

its six HOMO's are all negative and all of its LUMO's are

positive, indicating that the electrophilicity of the system

has been quenched and addition of one electron to the

neutral cluster increases its overall stability. These

findings are similar to those reported by Marino et al. on

their studies of the layered semiconductor cluster Bi6118
.20

Charge per atom values appearing in Table VII indicate

that the predominant interlayer interactions occur between

the CsC and OA atos (Fig. 1) for the lowest-energy state of

CS11O3 -. This was also observed for the other five lowlyin

states of Cs1103-. However, those for Cs 1 1 O3 and Cs11 03+

indicate that predominant interlayer interactions occur

between two layer six CsB atoms and three OA atoms (see

Fig. 1). By comparing charge per atom values in the negative

and neutral clusters, we also found that the values for

oxygen are constant at -1.59 whereas those for the CsB and

CsC atoms are changed by +0.34e and -0.41e, respectively. A

detailed analysis of Mulliken populations reveals the

followialt (a) In ionization from the negative cluster

Cs1103 - the neutral cluster Cs1103 , the electron exits

from the outermost cesium layer. and (b) the predominant

interlayer interactions change from CsC-OA to CsB-OA.

The workfunction of the cesium suboxide is one of its

most important properties. Our calculated results show that

Cs1103 - has very low workfunction, consistent with that
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experimentally for cesium suboxides.7 Two theoretical values

correspond to a calculation of the workfunction as the

difference between total energy of Cs 1 O3 - and Csl1 O3 and to

Koopmans' theorem. In the latter case, two inherent

approximations can result in a more reasonable value of the

workfunction for systems with large numbers of electrons:

(a) The "frozen orbital" approximation. This assumes that

the spin orbitals for the N-electron states are identical

with those for the (N+l)-electron states. This approximation

neglects relaxation of the spin orbitals in the (N+l)-

electron state to produce a workfunction that is too

positive. (b) "constant differential correlation effects"

approximation. The single determinant wavefunction leads to

well-know errors in description of instantaneous electron

correlation effects and one must go beyond the Hartree-Fock

approximation in order to recover such corrections to

Koopmans' theorem. In particular, correlation energies are

larger for the system havig more electrons. Therefore,

correlation effects tends to cancel the relaxation error for

the workfunction. Our model Cs1103 cluster contains 118

valence lectrons and the calculated workfunction value

using Koopuans' theorem is 0.7 eV, which is comparable with

that of 0.65 eV using the energy difference between two

Hartree-Fock calculations. By comparing our calculated

workfunction values with experimental value, it is seen that

Koopmans' theorem gives a value in close agreement with

experiment. This close agreement between SCF, Koopmans'
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theorem and experimental values indicates that since Cs11 03 -

is a system with large number of electrons, Koopmans'

theorem is applicable and may be expected lead to an

accurate workfunction.

Gregory et al.7 reported the workfunction of cesium

suboxide to be 0.7 eV. To obtain this value, they studied

the oxidation of cesium using ultraviolet photoemission

spectroscopy. They carried out the experiment in a

stainless-steel ultrahigh-vacuum system with a base pressure

of about 3x10-10 Torr and measured the distribution curves

21(DEC) using a standard retarding potential system. They

found that upon exposure of a fresh cesium film to oxygen, a

very narrow peak which grew with increasing exposure

appeared in the DEC's about 2.6 eV below the Fermi level

(Ef). This peak is associate with oxygen ions dissolved

below the surface of the cesium metal. After 3xI0 -5 Torr/sec

of exposure, additional structure began to appear and the

structure associated with the oxides changed with increasing

oxygen exposure. At 500 L oxygen exposure the workfunction

reached a sharp minimum of 0.7 eV, which was obtained from

the DEW40 subtracting the width of the EDC from the

photon. used to produce the DEC's. The structure of

present model cluster is consistent with this experimental

observation, viz. oxygen ions dissolved in the cesium metal

below the surface.

Burt and Heine 9 studied cesium suboxide by calculating
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the band structure using a layer method. Their model solid

is an FCC lattice of hard spheres with a constant potential

between, a lattice constant of 30 a.u corresponding to the

suboxide Cs1 O3 was used. The model of the electronic

structure of the system proposed by Burt and Heine is

composed of one region approximating cesium metal with other

regions, occupied by oxygen ions; the latter highly

repulsive to the conduction electrons. Their calculated

reduction in workfunction compared with cesium metal for

CS1103 is 0.9 eV. This result is in general agreement with

the drop in workfunction upon oxidation of thick cesium

films observed by Gregory and with the present calculations.

In their studies, the lower workfunction of the cesium

suboxide monolayer film compared with that of bulk cesium

was explained as a quantum size effect. That is,

confinement of an electron to a monolayer raises its kinetic

energy and Lence the Fermi energy, leading to an equivalent

decrease in workfunction. This claim is further verified by

our calculations.

Woretschek et al. 8 presented evidence for a quantum

size e*& for the conduction electrons during oxidation

Cs. Thi Okap stiidied the continuous oxidation of a Cs film

using ultraviolet photoelectron spectroscopy and electron

spectroscopy by deexcitation of metastable noble gas atoms.

They found that the transition from metallic Cs to Cs1103

leads to a twofold increase of the intensity of electron

emission from the valence band, even though the
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concentration of conduction electrons is reduced by about

50%. This is attributed to a quantum size effect. 22 They

also found that a thin layer of CS1 103 was created by

exposing a clean Cs surface to small amount of 02. The

resulting workfunctions were 2.0 eV for Cs-poly and 1.5 eV

for Cs1103-poly. Although the workfunction values are

different from those observed by Gregory et al., 7 Burt et

al., 9 and with the present worc, the decrease in

workfunction compared with Cs-poly for CsI1 O3-poly is still

in general agreement with the present calculations and other

experiments. A

A very recent study by Limberger and Martin23 reporte

that with increasing oxidation of the cesium clusters the IP

decreases and reaches a minimum at Cs(Cs20)n. They

investigated cesium and cesium oxide clusters by ionization

in a one-photon experiment by means of a tunable CW dye

laser and a mass spectrometric detection system. The

interpretation of the ionization threshold was given in

terms of a displaced harmonic oscillator model which leads

to a r an between adiabatic and vertical ionization

potent ir findings support our results as in the

foll : (1) Stability of the negatively charged

cluster. In the bulk, they found that the oxygen appears as

an oxide 0-, a peroxide 022, or a superoxide anion 02

These observations indicate that the negative cluster

Cs1 10 3  is the most stable, in agreement with our

calculated results. (2) Influence of the number (n) of
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cesium atoms per cluster. Their experimental results show

that CsnOm cluster with n an odd number has a lower IP than

those with n even because those with odd n contain an

unpaired electron. This finding is also consistent with our

model which includcs 11 cesium atoms and an open-shell

ground state. (3) Influence of the number (m) of oxygen atom

per cluster. A doped oxide cluster Cs(Cs20)m containing one

excess cesium has the lowest IP. Our model could be written

as Cs5 (Cs20)3 and is in general agreement with Cs(Cs20)m

when the number of cesium atoms in the cluster remains odd.

(4) The cluster has several isomeric forms, each with its

own threshold. This may explain the workfunction diffrence

between our calculated value for Csl1 O3 and that observed by

Woratschek et al., that is, Cs1103 could have stable isomers

possessing different workfunctions.

27
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V. CONCLUSIONS

Our findings regarding the workfunction of Cs1103-

provide a theoretical basis for experimental observations of

very low workfunctions for cesium suboxides. The consistency

between calculated and experimental values indicates that

our model provieds a good representation of the cesium

suboxide surface. Mulliken population analysis reveals that

the ionized electron comes from the outermost cesium layer.
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Table I. Coordination Numbers Of the Cs1103 Cluster.a

Atom Number

CsAb 3

CsBc 6

cscd 2

OAe 3

aSee Fig. 1.

bCsA = Csi; 2; 9.

CsB - Cs5; 6: 7; 8; 10; 11.

dCsC = Cs3; 4.'

eOA =01; 2; 3.
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Table II. Geometric Structure of the Cs 11 03 Cluster

Atom Pair Interatomic Distance (A)

Cs3 - Cs4 3.653(2)

Cs3 - Csl; 2; 9 3.786(3); 3.783(3); 3.766(2)

Cs4 - Csl; 2; 9 3.754(3); 3.741(3); 3.769(3)

Cs3 - Cs5; 7; 10 4.165(3); 4.153(3); 4.123(3)

Cs4 - Cs6; 8; 11 4.153(3); 4.156(3); 4.185(3)

Csl - Cs5; 6; 10; 11 4.244(4); 4.304(3); 4.250(4);

4.344(3)

Cs2 - Cs7; 8; 10; 11 4.310(3); 4.327(3); 4.311(4);

4.285(4)

Cs9 - Cs5; 6; 7; 8 4.275(4); 4.370(3); 4.388(3);

4 .310(3)

Cs5 - Cs6 4.022(3)

Cs7 - Cs8 4.103(4)

CSlO - CS1l 4.063(4)

01 - Csl; 2; 3; 4; 10; 11 2.940(14); 2.914(15); 2.970(14);-

2.957(13); 2.688(14); 2.760(15)

02 - Cs#I 3; 4; 7; 8; 9 2.967(13); 2.981(14); 2.964(14);

?.731(14); 2.731(14); 2.918(13)

03 - Cs1; 3; 4; 5; 6; 9 2.916(14); 2.982(14); 2.921(14);

2.684(15); 2.763(14); 2.948(13)

01 - 02; 3 4.061(20); 4.021(18)

02 - 03 4.037(20)
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Table III. Geometry optimization of CS1103

Expansion (percent of Total Energy

the lattice parameters)a E (a.u)

50% -265.0296602077

25% -265.2343008441

15% -265.2982444057

10% -265. 3162851913

7% -265.3200065394

5% -265.3181039860

4% -265.3164955496

aSee Table 2.
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Table IV. Electronic State optimization for Cs11 O3 .-

Statea MO Confiqurationb Total Energy

10a1  4a2 l 8a2 " 12e' 8el' 2a, o E (a.q.)

1 2 0 1 3 0 0 -265.320006

2 2 0 2 2 0 0 -265.313010

3 0 0 2 4 0 0 -265.259282

4 1 0 2 3 0 0 -265.293672.

5 2 0 0 4 0 0 -265.309983

aAveraqe energy of configuration. Ref. 17.

boccupations of the outermost Host are shown.
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Table V. Electronic State optimization for Cs 1 O3.

Statea Ho, Confiqurationb Total Energy

10al' 4a 2 -' 8a 2 " 12e' 8e" 2a," E (a.u..)

1 2 0 1 2 0 0 -265.296097

2 2 0 0 3 0 0 -265.286243

3 2 0 2 1 0 0 -265.287395

4 1 0 1 3 0 0 -265.278357.

5 1 0 0 4 0 0 -265.264475

aAverage energy of configuration. Ref. 17.

boccupations of the outermost MOs' are shown.
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Table VI. Electronic State optimization of CS1103

Statea MO Configurationb Total Energy

10a1  4a2' 7a2 " 8a2 " 12e' Se" 2a," E (a.u..)

1 2 0 2 0 2 0 0 -265.200801

2 2 0 2 1 1 0 0 -265.209878

3 2 0 2 2 0 0 0 -265.199121

4 1 0 2 1 2 0 0 -265.198115.

5 2 0 1 0 3 0 0 -265.130255'

aAverage energy of configuration. Ref. 17.

boccupations of the outermost MOs' are shown.

47
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Table VII. Population Analysis for Cluster Ground States.

Aa Bb s-type p-type Total Cc Dd

CsIIO3 -  OA 5.825 16.934 22.759 7.59 -1.59

CsA 6.916 18.764 25.679 8.56 0.44

CsB 15.950 36.856 52.806 8.80 0.20

CsC 3.635 13.120 16.755 8.38 0.62

Cs1 1 O3  OA 5.825 16.944 22.769 7.59 -1.59

CsA 7.205 18.671 25.875 8.62 0.37

CsB 14.274 36.503 50.778 8.46 0.54

CsC 3.681 12.896 17.577 8.79 0.21

Cs1 1 O 3
+  OA 5.825 16.949 22.774 7.59 -1.59

CsA 7.214 18.563 25.777 8.59 0.41

CsB 13.528 36.288 49.815 8.30 0.70

CsC 4.849 12.784 17.633 8.82 0.18

aCluster.

bType of ato (See Table I and Fig. I.)

CGross atomic population.

dcharge per atom.
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Table VIII. HOMO and WHMO Energies of Cs 1 103 r CS1 1 03 and

Cs 1 1O3 + in Their Lowest-Energy States

Cluster orbital HOMO (a.u.) WHMO (a.u)

Cs 1 103 - a,' -0.0436 0.0492

a2'. -0.1285 0.0977

a2"o -0.0377 0.0140

el -0.0257 0.0341

el -0.1339 0.0566

a," -0.6163 0.1236

Cs 1 1 03  a1 ' -0.1003 -0.0103

a2'1 -0.1964 0.0334

a2"I -0.0989 -0.0454

e' -0.0877 -0.0470

el-0.2022 -0.0009

a2" -0.6870 0.0590

Cs1 I03 + a IL -0.1587 -0.0704

-0.2667 -0.0321

~ 2"-0.1615 -0.1057

ef-0.1517 -0.1294

el-0.2732 -0.0598

aim -0.7590 -0.0070
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Figure Captions

Figure 1. The CSl103 cluster from several perspectives.

Figure 2. Total valence energy (a.u.) vs. geometry for a

CS1 1O 3 - cluster.
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ABSTRACT

Hydrogen adsorption on the (0001) beryllium surface is modelled using

a Be45 cluster containing seven layers. The ab initio Hartree-Fock

calculatioa qloy effective core potentials and full D3h point group

symmetry. Ax low-lying electron configurations are investigated and the

effect of *Thctron spin coupling on the adsorption process is discussed.

The adsorption of H on Be is calculated to be stable by 20 kcal/mol and

lowers the work function by 1.3 eV.
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I. INTRODUCTION

The use of metal clusters to represent bulk surfaces involved in

adsorption phenomena is widespread.1-4 A good model of the adsorption

process, however, requires the use of clusters large enough to describe the

metal surface and its interaction with the adsorbate, while remaining small

enough for the application of accurate theoretical treatments. Beryllium

has been widely used for such studies because it is the smallest atom with

a closed-shell ground electronic state to exhibit metallic character.
5 10

The toxicity of beryllium, however, has limited its use experimentally.

Nevertheless, two recent experimental studies have investigated the

adsorption of Hydrogen on beryllium metal. 11, 12 The former study11 was'

concerned with H2 adsorption on polycrystalline Be, while the latter1 2

involved the effects of H2, H and D on the (0001) surface of beryllium

metal. The experimental data, in conjunction with theoretical

calculations, can be used for the development of more reliable models for

adsorption.

The model of the beryllium surface used in this study consists of a

seven-layer cylindrical piece from a wafer having Be-Be internuclear

distances equal to those in the bulk metal. Work function values, the

effect of -coupling on the cluster and net charge differences between

neutral asX4.,--. .usters are analyzed to determine how closely the model

approximateb * behavior. Where possible, comparisons between theory and

experiment are made. Finally, adsorption energies are reported and the

effects of H adsorption on the Be surface are discussed in the context of

adsorbate plus substrate 3s a supermolecule.

II. CALCULATIONS



The model system is taken as a cylindrical piece from a Be wafer whose

surface corresponds to the (0001) hcp metal face. Table I defines all the

cylinders of a given radius which may be formed from a wafer of a given

thickness. The seven-layer wafer in this study has a radius R3 w..ich

corresponds to a one unit cell step along the a-direction. Be-Be

internuclear distances are taken as those in the bulk hcp metal (a-2.29A,

c-3.58A).13  The resulting cylinder has D3h point-group symmetry, and the

adsorption of atomic hydrogen, one on the top surface and one on the bottom

surface of the cluster is modeled such that the three-fold symmetry and

horizontal mirror plane are preserved. The Be-H internuclear distances are

varied in a series of self-consistent field (SCF) calculations. The

hydrogenated Be45 cylinder is shown in Fig. 1. Results obtained using this

system are compared to those calculated by treating an identical bare Be45

cylinder.

Calculations were accomplished on a Cray Y-MP supercomputer using

programs based on the "equal contribution theorem" for two-electron

integrals.14  Ab initio restricted closed-shell and restricted open-shell

Hartree-Fock calculations corresponding to an average energy of

configuration as well as to the energies for pure spin couplings were

carried out -on nmerous low-lying states of each cluster. (The average

energy of cOWlnation is defined as the weighted mean of the energies of

all the meltiplets for the configuration. 15) Multiconfiguration

self-consistent field (MCSCF) calculations involving two configurations

were also carried out for selected electronic states. The calculations

required about one hour of Cray Y-MP time for each geometric orientation.

The following basis sets of contracted Gaussian-type functions were used

for beryllium and hydrogen, respectively: (3s2p)/[2slp 16 and
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(4slp)/[2slp]. 17 Ab initio effective potentials (EP) 18 were used to

represent the is core electrons in Be. 16  (Valence SCF energies for atomic

Be and H are -0.95083, -0.49928 hartrees, respectively, for the basis sets

used in this study.)

III. RESULTS

Total valence energies for six low-lying electronic states are given

in Table II. These results are reported for both the equilibrium

hydrogen-to-Be-plane distance and at the near dissociative limit of 10A.

All of the energies correspond to triplet spin couplings with the exception

of state 2, which is the lowest-lying closed shell singlet state fOW.

Table III shows the effects of electron correlation, proper dissociatinq

wavefunctions and spin coupling for the lowest-lying electron configuration

calculated at the minimum H-Besurface distances of 0.86A and at the

dissociative limit of 10A. Table iV contains energy values at dissociation

for state 6, a low-lying HO configuration having the largest number of

open-shell electrons.

Total SCF energies for the ground state of H and of each cluster, as

well as calcgilated adsorption energies are given in Table V. Theoretical

work f asown in Table VI. The first values in each row were

calculat difference between the total valence SCF energy of the

neutralA 1 aad. that of the ion resulting from the removal of one

electron from the highest occupied orbital of the cluster. The values

immediately following are due to Koopmans' theorem and correspond to the

negative of the energy of the molecular orbital (MO) from which the

electron was ionized. Experimental values are also shown.
11

Atomic net electron charge values are given in Table VII, as
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calculated using a Mulliken population analysis.19 Values of R in this

table correspond to the optimum H atom-to-surface distance for the

lowest-lying electronic state. This distance was calculated as the minimum

of a curve fit to SCF energies for three or more surface-adsorbate

separations.

IV. DISCUSSION

Only two of the six low-lying electron configurations found, states 1

and 6 of Table II, dissociate properly at the restricted Hartree-Fock level

of approximation. The remainder of the states lie significantly higher in

energy at dissociation. An analysis of their Mulliken populations

indicates that the net charges on the H atoms at 10A separation (R) are as

high as 0.5 electron/atom, clearly indicative of an improper dissociation

lindt.

All of the open-shell states appearing in Table II are coupled as

triplets. Tables III and IV show the effects of spin coupling on the

energy of the Be45H2 system. Both the two configuration MCSCF and the pure

spin triplet calculations (Table III) yield the same energy at dissociation

(-45.57065 hartrees). However, the improperly dissociating singlet spin

state is significantly higher in energy (144 kcal/mol higher). The average

energy of configuration calculation also yields a much higher energy (by 94

kcal/mol), but this calculation, as mentioned previously, reflects a

weighted average of the energies for all the multiplets of a particular

configuration.15  Therefore, the higher energy is a consequence of the

contribution from the singlet component of the multiplet. These results

indicate that the unpaired electrons in the overall cluster must be coupled

as triplets with respect to each other to insure proper dissociation in a
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single configuration treatment. According to Mulliken population analyses,

these electrons correspond solely to hydrogen is electrons at R. Although

the energies are not identical, the MCSCF result also agrees well with that

of the pure spin triplet case at equilibrium, the discrepency between the

two being approximately 6 kcal/mol, which is attributed to electron

correlation effects. However, even at this short distance, coupling the

unpaired electrons singlet as opposed to triplet results in a 20 kcal/mol

increase in energy.

The effects of spin coupling on the Be45H2 system at dissociation were

further studied using state 6 of Table II. This is the highest spin

electron configuration (quintet) found to dissociate properly. The

energies for various spin states of this configuration were calculated.

These results appear in Table IV. Three states, the quintet, triplet and

first singlet, have energies which are nearly identical. The second

singlet, however, is 160 kcal/mol higher in energy. Again, the average

energy of configuration calculation reflects the contribution of the second

singlet state. As with the previous results, the three low-lying states in

Table IV have the two unpaired electrons corresponding to the hydrogen is

electrons coupled triplet with respect to each other, while the less stable

singlet state has these electrons coupled singlet. The coupling of the

unpaired electrons associated primarily with Be orbitals does not affect

the energy significantly. For example, the triplet spin state and the more

stable singlet spin state have the unpaired Be electrons coupled singlet

and triplet, respectively, yet the energy difference between the two is

only 2.4 Kcal/mol. We are encouraged by this behavior since it is expected

if the Be45 cluster provides an accurate model of the bulk surface, which

is obviously not affected by spin considerations.

The total adsorption energy of Be45H2 is 19.72 kcal/mol-atom (Table
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V). This energy was determined two ways. First, the adsorption energy was

calculated as the total energy difference between the lowest-lying

electronic state found at equilibrium and at dissociation. Second, the

adsorption energy was defined as the difference between the energy of the

lowest-lying electronic state found at equilibrium and the sum of the

energies for the lowest-lying electronic state found for bare Be45 plus two

ground state H atoms. Both methods yielded values of 19.72 kcal/mol-atom.

Fig. 2 shows a plot of energy vs H to Be surface distance. A barrier of

24.68 kcal/mol (12.34 kcal/mol.H atom) occurs before H adsorbs to the Be45

surface.

A very recent experimental study by Ray et al. investigated the

effects of H and H2 adsorption on the (0001) surface of Be metal using high

resolution electron energy loss spectroscopy (HREELS), thermal desorption
12

spectroscopy (TDS) and workfunction measurements. This group found no

evidence for the dissociative or molecular chemisorption of H2 at the

temperatures investigated, in agreement with previous experimental work.
11

They also found, however, that H does adsorb on Be and reported the energy

barrier to recombinative desorption, obtained using TDS, as ranging from

0.7 to 1.2 eV (16.1 to 27.7 kcal), depending on the degree of H coverage.

This barrier energy is equal to the sum of the adsorption site binding

energy and the barrier to dissociative adsorption. This value is in

excellent agreemnt with our calculated adsorption energy of 0.85 eV or 20

kcal/mol atom (Table V).

The convergence of both methods to the same value for the adsorption

energy indicates that the lowest-lying electronic state correlating to the

dissociative limit has been determined accurately. Such a determination is

pivotal because properties such as work functions, adsorption energies and

charge distributions, which indicate the chemical nature of the system, are
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sensitive to the electronic state chosen. In our previous work, II we

concluded that H does not chemisorb to Be45 since no shift in the

workfunction of the Be45 surface occurred upon H adsorption. Furthermore,

the net charge distribution difference between Be45
+ vs. Be45 and Be45H2

+

vs. Be45H2 were nearly identical, indicating that the ionization process

was not affected by the presence of hydrogen. In the present calculations,

hcwever, a lower-lying electronic state has been found for both Be45 and

Be45H2 . Although the adsorption energy corresponding to this state is only

1.56 kcal/mol-atom lower than was determined previously, the workfunction

of Be45 is now 4.4 eV (Table VI), in close agreement with the experimental
20

value of 3.92 eV. Adsorption of H onto Be45 lowers the work function to

3.14 eV, a shift of 1.29 eV. No work function shift is observed

experimentally for the H2/Be system. However, a direct comparison

between the experimental and theoretical work function shifts in this case

cannot be made since the experiment involved sputtered H2 and

polycrystalline Be. In such a process, H adsorption is necessarily

preceded by H2 dissociation, which requires approximately 104 kcal/mol at

21room temperature. This is considerably more than the calculated 20

kcal/mol bond formed between hydrogen and the Be45 surface. Consequently,

it is more energetically favorable for hydrogen to remain as H2, unless, of

course, the surface plays a heretofore unclear catalytic role in lowering

the energy needed to break the H-H bond. In either case, the focus of the

present calculations is to study the interaction of H with the Be surface

and not the dissociation of H2. For the H/Be (0001) system, however, the

work function of Be reaches a minimum (-0.56 eV) for a coverage of

approximately 0.4 and then reaches a limiting value of -0.44 eV as the H

coverage is increased. This is also in good agreement with our calculated

work function lowering of 1.3 eV (0.65 eV/atom). It is pointed out,
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however, that Ray et al. 12 believe their values correspond to adsorption of

H on a bridge site, whereas the present study investigates H adsorption on

one type of trigonal site Jeclipsed site).

Net charge differences appearing in Table VII indicate that for both

Be and Be45H2, the largest fraction of the donated electron comes from

MO's involving the surface atoms. This behavior is requisite if the Be45

cluster is to provide an adequate representation of the bulk metal since

the work function is a surface property. Adsorption of H increases the

ability of the surfacu to release an electron to some degree (0.48 vs 0.60

for the bare cluster vs the hydrogenated cluster, repectively). However,

there is no net charge transfer between the adsorbed hydrogen and the

surface, indicating an essentially covalent interaction between the two.

In this study, H approaches the Be surface directly above the center

of a triangle of Be atoms located on the surface, the center of which is

located above a Be atom situated in a layer next to the surface (Fig. 1).

This is called the eclipsed site. There are three other possible sites for

adsorption. These are the Be-Be midpoint, directly overhead and open

sites. The first has the adsorbate approaching the Be surface directly

between two Be atoms located on the surface. The second involves

adsorption directly above a Be atom located on the surface. The open site

has the adsoftete approaching the surface directly above a triangle of Be

atoms located-& the surface, directly below which there is no Be atom.

The adsopion of H onto Be clusters modelling the bulk surface has

also been studied at the SCF level of theory by other groups. In the

following discussion the notation Ben (a,b,c,...) will be used. Here n

refers to the number of atoms comprising the Be cluster and a, b, c, etc.,

are the number of atoms in the surface layer, the layer directly beneath

the surface, the second layer beneath the surface, and so on, respectively.
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In all cases, unless otherwise stated, the cluster interatomic separations

were frozen at the bulk metal values.

Cox and Bauschlicher 8 studied the adsorption of H in the directly

overhead position on a Be7 (7,0) and Be10 (7,3) cluster. Adsorption of H on

a bond midpoint site was modelled using a Be15 (10,5) cluster. They

obtained adsorption energies of 65.5, 21.22 and 53.7 kcal/mol for the three

above-mentioned sites, respectively. They further conclude that in two

previous studies of H adsorption on Be, one using clusters or up to 22

22 7atoms and one using a Be36 cluster , the chemisorption energy changed by

approximately 10% in going from a 22-atom cluster to a 36-atom cluster and

by about 30% in going from a Be10 or Be13 cluster to a Be36 cluster.

In another study, Bauschlicher and Bagus5 reported adsorption energies

of 64.0, 47.8, and 35.8 kcal/mol for H adsorption on the directly overhead

site of Be7 (7,0), the eclipsed site of Be7(6,1) and the bond midpoint site

of Be10 (10,0), respectively. Calculations by Bagus et al.7 on the

5e14 (14,0)H system found the directly overhead site, with a desorption

energy of 59.0 kcal/mol, to be a more stable site for H adsorption than the

bond midpoint, open or eclipsed sites (53.1, 56.1 and 56.1 kcal/mol,

respectively). H adsorption on Be22(14,8), on the other hand, is predicted

to be more stable for the open site (55.1 kcal/mol) than for the bond

midpoint, eclipsed or directly overhead sites (53.4, 51.9, and 31.4

kcal/mol, respeftively). Finally, the most stable site for H adsorption on

a Be36(14,8,14) cluster was predicted to be the open site, also (57.7

kcal/mol), with the bond midpoint, eclipsed and directly overhead sites

(43.7, 42.3 and 31.6 kcal/mol, respectively) giving rise to lower

adsorption energies. Clearly, Be36 and Be22 give rise to the same ordering

in the stability of the adsorption energy with respect to bonding site.

However, with the exceptions of the directly overhead and open sites, the
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predicted adsorption energies for a given site on these two clusters differ

by as much as 9.7 kcal/mol.

The results reported here, along with those cited from previous

studies, indicate the importance of cluster choice in modelling the Be

metal surface involved in H adsorption. It must be ascertained that the

cluster model adequately represents the bulk surface, or the calculated

results will correspond to H adsorption on a specific electronic state of a

cluster rather than on the (0001) Be surface. This explains the

discrepancies in adsorption energies among the various studies cited. We

believe that the energies arising from calculations on small clusters

correspond to H adsorption on clusters rather than on the Be surface.

There are two critical steps in establishing a valid model of H

adsorption on a surface. First, the cluster representing the surface must

be large enough to model the bulk solid accurately. Second, the ground

electronic state of the system must be determined. A recent studyI1 of H

adsorption on the Be (0001) surface investigated three possible cluster

models of the bulk surface: Be19 (6,7,6), Be33 (7,6,7,6,7) and

Be45(6,7,6,7,6,7,6). The first and third modelled adsorption on an

eclipsed site, while the second involved adsorption on the directly

overhead site. Since the adsorption site in Be19 is identical to that in

Be45, results for both systems should agree. However, the calculated shift

in the ionization potential of Be19 due to H adsorption was 0.0 eV, while

that corresponding to H adsorption on Be45 was 1.4 eV. The work functions

of Be19 and Be45 were calculated as 5.0 and 4.4 eV, with the experimental

value being 3.9 eV. These discrepancies were explained using total net

charge differences between neutral and ionized clusters. In the case of

Be19, ionization of the cluster indicated participation in charge

redistribution by both the surface and middle layers. Since electron
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emission occurs from the surface of the bulk metal and should not involve

the middle layers, it was concluded that Be19 is too small to model the Be

(0001) surface. As previously stated, net charge differences for Be45 (and

Be45H2) indicate that the largest fraction of the donated electron comes

from MO's involving the surface atoms (see Table VII). Since the work

function is a surface property, this must be the case if the Be45 cluster

adequately models the bulk. Furthermore, the calculated work function of

Be45 is only 0.5 eV greater than the experimental value of 3.92 eV.11

A study by Pacchioni et al. 23 found the directly overhead site on a

Be 7(7,0) cluster to be more stable (48.3 kcal/mol) than the bond midpoint

or open sites (35.7 and 11.7 kcal/mol, repsectively). They further point

out that this finding holds only for single-layer models of the bulk metal.

As more layers are are added, the bond-midpoint and open sites become more

favored than the directly overhead site. 6,7 This is in agreement with our

Be33 ( directly overhead site) and Be45 (eclipsed site) models of

adsorption. While H is not predicted to adsorb on Be 33 it does adsorb

on Be45 by 19.7 kcal/mol (see Table V). Both clusters are multilayered

cutoffs of the bulk, with Be33 containing 5 layers and Be45 containing 7

layers.

As pointed out earlier, the Be45 cluster in this work contains Be-Be

interatomic distances equivalent to the bulk metal values, and the cluster

is, in effect, a cylindrical "plug" from the bulk metal (Table I). This

approximation is valid since experimental evidence indicates that the Be

surface does not reconstruct. 24 Furthermore, Cox and Bauschlicher 8 studied

the effects of relaxation on Be7 (7,0), Be10 (7,3) and Be15 (10,5) clusters

due to H adsorption. Adsorption energies due to relaxation effects were

calculated as 66.9, 21.4 and 55.6 kcal/mol, respectively, while the

energies arising from adsorption on an unrelaxed substrate were reported as
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65.5, 21.2 and 53.7 kcal/mol, respectively (refer to earlier discussion).

They predict that neglect of relaxation effects results in only a 2

kcal/mol error in the calculated binding energies.

The final important point to consider when modelling H adsorption on a

metal surface is the method of determining the ground electronic state of

the system. This is imperative since the chemical nature of the system is,

in effect, mainly determined by the ground electronic state. We have

already discussed the errors resulting from improperly predicting the

ground electronic state of Be45 and Be45H2 in our previous work. Another

example of the ambiguities or problems which may arise from the choice of

ground electronic state can be seen in the studies of Paccioni et al. 23 and

Cox and Bauschlicher.8  The latter reported relaxation effects in the

geometry of Be clusters due to H adsorption (refer to prior discussion).

However, this group chose the ground state of the Be7 system to be closed

shell in order to avoid the effects of dangling orbitals on the energy of

the system. Pacchioni et al. 23 attribute this shrinking to the choice of

electronic state. This group found that the relaxation effects occurred in

different directions for different electronic states and that they also

depended on the choice of theoretical method (all electron vs

pseudopotential dt both the SCF and CI levels of theory). The effects of

relaxation on the adsorption energy, they suggested, should be investigated

further with other cluster models.

Panas et al. 25 studied the cluster convergence of chemisorption

energies. This group generated molecular orbitals using SCF calculations

and included correlation corrections via a one reference state contracted

CI procedure. They studied H adsorption in the fourfold hollow position of

Ni(100) using seven Ni clusters ranging in size from Ni5 (4,1) to

Ni50 (16,9,16,9) to represent the Ni surface. They found a marked

I01



difference in the calculated chemisorption energies of the clusters

depending on the method used to determine the lowest-lying electronic state

at short and long distances (the chemisorption energy being defined as the

defference between the energies of these two states). This group concludes

that the determination of the chemisorption energy is greatly improved by

requiring that the cluster systems first be excited into a proper bonding

state and then defining the chemisorption energy as the difference in the

energy corresponding to this state at short and long distances plus the

energy needed for excitation. In the present study, no restrictions were

imposed on the symmetry and spin of the wavefunction at short and long

distances. However, applying the rules outlined by Panas et al. led to the

same value for the adsorption energy. Thus the energy value reported here

is expected to be accurate.

One last point must be mentioned. All of the results reported in the

current study were calculated at the SCF level of approximation. It is

therefore necessary to estimate the extent to which electron correlation

corrections will affect the current results. Rubio et al.26 studied the

effect of electron correlation on the process whereby H adsorbs to small

(three to seven atoms) Be clusters. They determined, using data obtained

at both the SCF snd CI levels, that SCF theory is qualitatively accurate to

describe the interaction of H with the clusters. The changes in the

H-to-Be-surface distances and in the calculated adsorption energies were

quite small. A study by Siegbahn et al. 27 of H2 dissociation on the

Ni(100) surface using Ni clusters with as many as 34 atoms to represent the

surface also determined that the SCF treatment was adequate for a

qualitative description of the chemisorption process. Given these findings

and the fact that the Be45H2 system is quite large (92 valence electrons)

the incremental effects of electron correlation on the results reported
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here are expected to be small.

V. SUMMARY AND CONCLUSIONS

An accurate model of the adsorption process requires that the surface

be modelled by a cluster which provides an adequate representation of the

bulk structure. Once this is done, it is equally important to determine

accurately the lowest-lying electronic configuration of the

cluster-adsorbate system. We conclude that Be45 provides an accurate model

of the Be (0001) surface for several reasons. First, this cluster is not

affected by spin considerations, as is expected for solid surfaces. Spin

coupling affects the total energy only when electrons corresponding to

hydrogen orbitals are involved. Second, the ionization potential of Be45

at 4.4 eV is close to the value of 3.9 eV for bulk Be metal. Third,

Mulliken population analyses indicate that the electron emitted during

ionization is donated from the surface layers, which is also the case for

bulk metal surfaces. Fourth, previous studies have indicated the need for

clusters several layers thick to accurately model H adsorption.
7'11'2 7

Be45  is a seven-layer cluster based on hcp bulk lattice constants.

The lowest-lying.electronic state of the Be45 H2 system has been determined.

An indication of the reliability of this determination is the fact that the

workfunctions of the cluster and the bulk metal, at 4.4 and 3.9 eV,

respectively, differ by only 0.5 eV. In our previous study11 , the

improperly chosen ground electronic state caused the predicted cluster

workfunction to be 1.25 eV lower than the current value and 0.77eV lower

than that of bulk Be. A second indication that the ground state is correct

is the convergence of the calculated adsorption energies to the same value

using two different methods. This is expected if the true ground

1
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electronic state has been found for both systems. In the present case, the

systems were Be45 + 2H and Be45H2 at infinite Be-H separation. Finally,

the agreement between the MCSCF calculations and the calculations on the

triplet spin states indicates that the bulk of the differential correlation

energy is accounted for by requiring the electrons corresponding to H to be

coupled as triplets. The resulting electronic states can thus be described

adequately using single configuration SCF-MO calculations.

Finally, the results for H adsorption on Be45 indicate that H adsorbs

at an eclipsed site of Be (0001) by 20 kcal/mol and that the adsorption

process lowers the workfunction of the cluster from 4.4 to 3.1 eV, or 1.3

eV. Since no charge transfer is observed between hydrogen and the Be

surface, the adsorption process involves a primarily covalent interaction

between the two.
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Table I. Be Clusters by Coordination Cylinder and hcp Layer.

cylinder
Height R 0R1R2=R 3
(z-coord.) 0RR=

-c /2

3c/2 0 3 3 6
c 1 1 1 1 7 7 7 7
c/2 0 00 3 33 3 33 66 6

0 1 1 11 1 1 11 77 77 7 77 7
-c/2 0 00 3 33 3 33 66 6
-c 1 1 1 1 7 7 7 7

-3c/2 0 3 3 6

-G*c/2

No. Atoms13 3 1 7 915 7 1327 31 7 1933 45
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Table II. Restricted Hartree-Fock Adsorption Energies of States of Be45H2.

State MO Configurationa Energyb

No. a I' I 2' a2" e e R R
1 2 21eq

1 1 2 1 4 4 2 -45.601315 -45.570651

2 2 2 2 4 4 2 -45.604328 -45.294292

3 1 2 2 1 4 2 -45.625789 -45.264307

4 2 2 2 2 4 2 -45.633513 -45.124689

5 2 2 2 1 1 2 -45.613706 -45.101965

6 1 1 1 1 4 2 -45.591720 -45.502133

aAll open-shell states are triplet coupled. Occupations correspond to the

number of electrons occupying the highest energy molecular orbital of a

given symmetry.
bR and R correspond to H-Besurface separations of 0.86A and 10A,
eq

respectively. Energies are in hartrees.
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Table III. Adsorption Energies of Be45H2.a

Type of Calculation Energy at Req Energy at R LEadsorb

MCSCFb -45.61135 -45.57065 12.77

Average Energyc -45.58827 -45.42429 51.45

Pure Spin Singlet -45.56818 -45.34371 70.43

Pure Spin Triplet -45.60132 -45.57065 9.63

aEnergies (hartrees) correspond to State 1 of Table II. R and
eq

R correspond to H-Besurface separations of 0.86A and NA,

respectively. A adsorb is the difference between energies at

these two distances (kcal/mol.H atom).
bTwo-configuration MCSCF (see text).

CAverage energy of configuration (see text).
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Table IV. Restricted Hartree-Fock Energies of Be45H2 at Dissociation. a

Average Energya -45.35865

Pure Spin Singletb -45.50602

Pure Spin Singletc -45.25044

Pure Spin Tripletd -45.50213

Pure Spin Quintet -45.50603

aEnergies (hartrees) correspond to State 6 of Table II. H to Besurface

separation is 10A.

bElectrons in symnetry orbitals a1' and a2" are coupled triplet with

respect to each other and singlet with respect to those in symmetry

orbitals a2' and e' (See Table II).
CElectrons in symmetry orbitals a1' and e' are coupled triplet with

respect to each other and singlet with respect to those in synetry

orbitals a2' and a2". (See Table II).

dThe electron in syfmetry orbital e' is coupled singlet to all the
other open shell electrons, which are coupled triplet to each other (See

Table II).
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Table V. Energies of the Be45H2 System.

Species a Energyb

H " - 0.49928

Be45  -44.57210

Be45H2 (R eq) -45.63351

Be45H2 (R) -45.57065

Be45H2 (Req) - Be45H2 (R) 19.72

Be45H2 (R eq) - [Be45 + 2H] 19.72

aReq0.86A, RA-1OA, where R is the

Distance from H to the Be surface.
bFirst four values are in hartrees, while

the last two are in kcal/mol atom. All

values correspond to the lowest-lying

state found at that distance. All States

are triplet coupled.
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Table VI. Work Functions of Be45 and B45H2 Clusters.

Cluster O(ev)a

Be45  4.62,4.43

Be4 5 H2  3.39,3.14

Be (expt.)b 3.92

BeH (expt.)c 3.92

AO[Be 45-Be45H2Id  1.23,1.29

AO(Be-BeH]expt. 0

aWhere two values appear, these are Koopmans'

theorem and AESCF values, respectively.
bRef. 19.

cRef. 11.

dVaiues correspond to a work function

lowering.
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Table VII. Atomic Populations of Be45 and Be45H2.

Cluster (Cluster]+ Total

Atom No. Net Charge Net Charge Net Charge Difference

ClusterZ-coorda Labe b  Atomsc per Atom per Atom ([Cluster]+ - Cluster)

Be45 0 BeO 1 1.01 1.00 -0.01

c/2 BeA 6 0.42 0.40 -0.12

c/2 BeC 6 -0.20 -0.15 0.30

0 BeB 6 -0.33 -0.31 0.12

c BeH 12 -0.19 -0.17 0.24

c BeD 2 1.36 1.34 -0.04

3c/2 BeF 6 -0.14 -0.14 0.00

3c/2 BeG 6 0.02 0.09 0.48

Be45H2 0 BeO 1 0.99 0.99 0.00

c/2 BeA 6 0.43 0.41 -0.12

c/2 BeC 6 -0.16 -0.13 0.18

0 BeB 6 -0.36 -0.32 0.24

c BeH 12 -0.15 -0.14 -0.12

c BeD 2 1.31 1.29 -0.04

3c/2 BeF 6 -0.18 -0.17 0.06

3c/2 BeG 6 -0.04 0.06 0.60

Rd H 2 -0.01 -0.01 0.00

,..3.58A
bsee Fig. 2.

"No. of symetry equivalent atoms

'R=0.86A for Be plane to H distance. Be to H distance is 1.58A.
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FIGURE CAPTIONS

Fig. 1. Be45H2

Fig. 2. The potential energy curve for the approach of H to

a rigid Be45 surface having internuclear separations

corresponding to bulk metal lattice constants. Total

energies may be obtained by adding -45.00 h to the

given values.
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